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1.  PHASED  ARRAYS  -  A  FUTURE? 


Traditionally,  the  Navy  has  had  a  major  interest  in  antennas  and  in  the  ’esearch  and 
development  related  to  them.  The  Naval  Research  Laboratory  (NRL)  was  instrumental  in 
the  development  of  the  early  Navy  radars.  Since  its  inception  at  the  end  of  World  War  II,  the 
Naval  Electronics  Laboratory  (NEL)  and  later  the  Naval  Electronics  Laboratory  Center 
(NELC)  has  had  a  continuing  interest  in  the  development  of  Fleet  antennas. 

Let  us  look  back  about  25  years  and  examine  some  of  the  antenna  problems  present 
at  that  time.  In  January,  1946  a  conference  was  held  at  NEL: 

“To  acquaint  contractor  representatives  and  government  people  with  geieral 
antenna  problems.” 

From  22-26  July  1946,  another  conference  was  held  at  NEL  with  the  objective: 

“To  consider  in  detail  certain  specific  problems  connected  with  the  antenna 
improvement  program.” 

Some  of  the  problems  discussed  at  that  time  (and  still  with  us)  were: 

1 .  “Determining  the  vertical  polar  diagrams  of  shipboard  and  other  antennas, 

2.  “Broadband  antennas,  2-20  MHz  and  225-400  MHz, 

3.  “Impairment  of  the  beam  of  a  radar  antenna  by  looking  through  an  adjacent  mast.” 

Another  comment  at  that  time  was  that 

“An  active  program  of  experimentation  is  underway  at  NEL.”  The  emphasis  at 
that  time  appeared  to  be  on  the  communications  frequencies. 

Such  names  as  Schclkunoff,  Silver,  Van  A*ta,  T.  Taylor,  Bonert,  Whinnery,  Bolljahn, 

P.  Carter,  Sinclair,  and  others  denote  those  who  contributed  the  T  ideas  to  the  various  problems. 

Another  conference  was  held  on  9-1  1  October  1 947  to  discuss: 

1.  Shore  station  antennas, 

2.  Shipboard  antennas, 

3.  Antenna  theory,  and 

4.  Instrumentation  for  measurements. 

Again  the  familiar  problems  were  present,  for  example, 

“Problems  of  modeling  a  ground  surface,” 

“Broadband  sleeve  antenna," 

“The  antenna  program  for  submarines,”  and 

“Around-the-mast  antennas.” 
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The  radar  frequencies  discussed  included  L,  S,  C  hands  and  35  GHz,  and  indications  of  the 
problem  of  crowding  of  antennas  generated  some  comments: 

“The  number  of  electronic  equipments  has  multiplied  many  times,  and  the  demand 
for  antennas  constantly  increases  until  at  present  some  ships  have  as  many  as  150  antennas  to 
be  installed  over  a  deck  space  less  than  600  feet  long  and  90  feet  wide.” 

“Existing  submarine  antenna  systems  are  inadequate.” 

”...  problem  of  providing  efficient  antennas  in  new  frequency  ranges  for  the  new 
electronic  equipments  being  installed  in  our  fleet  boats  ...” 

And  also  at  that  conference,  comments  about  multiple  use  of  the  same  equipment  to 
perform  several  tasks: 

Due  to  “  .  .  .  limits  in  mast  and  space  facilities,  the  Bureau  of  Ships  .  .  .  the  1  200-MHz 
and  6000-MHz  surface  search  and  1000-MHz  IFF  could  be  mounted  on  a  common  pedestal.” 

At  that  same  conference,  Dr.  Van  Aita  of  NRL  suggested: 

“All  of  these  problems  (hemispheric  radar  search,  DF  and  gun  direction]  require 
rapid  scanning,  and  it  cannot  be  done  by  a  purely  mechanical  means  that  moves  a  parabola 
through  an  angular  motion." 

Up  to  this  time,  there  did  not  appear  to  be  any  discussion  of  arrays.  However,  a  high¬ 
light  of  the  1948  conference,  as  summed  up  by  Dr.  T.  J.  Keary  was: ' 

“Thinking  should  not  be  restrained  to  putting  antennas  on  the  structures  of  ships 
as  they  exist  today." 

This  thinking  led  to  the  departure  from  traditional  design,  as  in  the  case  of  the 
ENTERPRISE  and  the  LONG  BEACH,  and  with  the  advent  of  the  phased  array,  signalled 
a  new  era  for  the  Navy.  However,  the  trend  did  not  continue,  even  though  the  arrays 
performed  well.  What,  then,  is  the  reason  that  phased  arrays,  with  their  many  favorable 
attributes,  have  not  had  widespread  use? 

At  the  1947  conference  in  a  discussion  of  future  trends,  CAPT  Berkley,  BUSHIPS, 

said: 


“In  future  wars,  the  ships  will  be  supporting  devices  operating  in  the  air.  Micro- 
wave  elements  will  get  lots  of  attention  in  the  future.  Radar  will  be  used  to  guide  a  missile 
to  its  target,  to  determine  whether  it  is  enemy  or  friendly,  and  to  determine  where  it  is 
coming  from. 

“The  use  of  microwaves  will  help  in  the  solving  of  communication  security  and 
other  security  problems.” 

Certainly  his  predictions  have  come  to  pass;  the  need  for  phased  arrays  is  established; 
the  limited  space  on  ships  and  aircraft  is  a  fact  of  life.  Technology  has  shown  that  phased 
arrays  can  be  built.  What  is  the  limiting  factor'.’ 
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It  appears  that  perhaps  the  future  of  phased  arrays  is  closely  tied  to  the  dollar.  There 
have  been  isolated  examples  of  phased  arrays,  usually  one  or  two  of  a  kind,  but  not  in  large 
quantities,  where  a  cost  reduction  program  could  be  effective. 

Let  us  look  at  a  typical  phased  array  as  in  figure  1-1.  If  the  array  is  divided  into 
three  major  portions,  consisting  of  the: 

1.  Radiating  structure, 

2.  Phase  shifter  or  phasor,  and 

3.  Logic  and  driver, 

it  can  be  seen  from  the  figure  that  these  portions  account  for  over  75  percent  of  the  total 
array  cost.  If  there  is  to  be  a  cost  reduction  in  the  overall  array  cost,  it  is  obvious  that 
emphasis  should  be  placed  in  these  areas. 

One  approach  is  aimed  to: 

1 .  reduce  costs,  and 

2.  reduce  the  number  of  antennas  on  the  ship. 

This  approach  is  the  use  of  the  multiple-array  radiating  aperture.  A  slotted  multifrequency 
array  using  frequencies  of  3.0  GHz  and  0.42  GHz  was  proposed  in  1963  by  NEL  and  is  shown 
in  figure  1-2.  NKL  and  NhLC  have  investigated  this  approach  and,  for  some  applications,  the 
technique  shows  promise.  Other  approaches  to  the  multiple  simultaneous  use  of  an  aperture 
radiating  structure  have  been  proposed,  but  have  received  little  attention  to  date. 

Other  techniques  which  show  promise  for  possible  cost  reduction  make  use  of  the 
Microwave  Integrated  Circuits  (MIC)  and  the  hybrid  circuit  technology.  Considerable 
progress  has  been  made  in  these  areas  in  the  recent  past,  and  although  material  losses  tend 
to  restrict  the  overall  use  of  MIC  techniques  for  phasors  at  present,  future  prospects  for 
low  cost  and  high  reproducibility  and  reliability  sre  excellent. 

The  driver  for  the  phasor  and  associated  element  circuitry  is  amenable  to  the  hybrid 
circuit  techniques.  An  examination  of  figure  1-3  shows  that  elimination,  consolidation,  or 
combination  of  some  of  the  components  will  result  in  a  substantial  cost  reduction  for  arrays 
having  thousands  of  elements.  These  techniques  also  appear  promising.  They  are  amenable 
to  mass  production  techniques,  and  could  result  in  a  reduction  in  the  overall  weight  of  the 
array. 

1  have  tried  to  give  you  some  possible  areas  which  I  feel  offer  promise  to  reduce  the 
cost  of  phased-array  antennas.  NELC  is  actively  working  in  these  areas,  and  although  some 
progress  has  been  made,  considerable  work  remains. 
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A  primary  objective  of  this  conference  is  to  bring  together  the  recent  technology  in 
array  antennas,  not  only  in  the  technical  areas  but  also  in  the  cost-effective  area.  Unless 

1 .  significant  cost  reductions  can  be  made  in  component  cost,  or 

2.  techniques  can  be  developed  to  reduce  the  number  of  components,  or 

3.  techniques  are  developed  to  exploit  multiple  use  of  the  aperture,  then 
I  feel  that  the  future  for  widespread  use  of  phased  arrays  is  dim. 

I  have  not  discussed  the  prospects  of  the  solid-state  array,  as  1  am  sure  that  this  aiea 
will  be  adequately  covered  in  the  next  few  days.  However,  I  urge  you  all  to  orient  your 
technical  appraisal  along  with  a  dollar  appraisal  and  ask,  "Can  we  afford  to  build  these 
arrays  in  large  quantities  for  widespread  use?"  If  we  can  answer  this  question,  affirmatively, 
then  certainly,  phased  arrays  have  a  very  bright  future. 


Typical  phased  array 


vertical  array  of  spirals  for  hemispheric  coverage 


by 


J.  A.  Kaiser 


Code  8 Li 


Goddarc  Space  Flight  Center 
Greer be  It,  Maryland  20771 


for 


ARRAY  ANTENNA  CONFERENCE 

Nava).  Electronics  Laboratory  Center 
San  Diego,  California 


22,  2.1,  7.u  February  1972 


Vertical  Array  of  Spirals  for  Hemispheric  Coverage 


Uniform  hemispheric  radiation  coverage  can  be  considered  as  a 
requirement  for  a  spatial  square  wave  where  radiation  occurs  uniformly 
in  the  upper  hemisphere  and  there  is  no  radiation  into  the  lower 
hemisphere.  The  need  for  this  type  of  coverage  arises  when  an  omni¬ 
directional  antenna  is  required  to  discriminate  between  a  direct  signal 
and  its  multipath  image.  Applying  a  Fourier  technique,  one  can 
determine  the  desired  radiation  pattern  analytically  as  a  series  of 
spectral  components  and  then  can  proceed  to  generate  these  components 
with  antenna  elements;  thus,  providing  a  positive  control  of  radiation 
coverage.  In  principle,  any  radiation  coverage  with  circular  symmetry 
can  be  synthesized  in  this  manner  and  under  some  conditions  can  be 
quite  broadband. 

Mathematic? lly  a  spatial  square  wave  can  be  expressed  as  a  series 
of  odd  spatial  harmonics  plus  a  constant.  The  harmonic  terras  are 
simple  cosine  variations  and  can  in  practice  be  generated  by  using 
uniformly  spaced  pairs  of  antenna  elements  arrayed  vertically.  The 
constant  can  be  implemented  as  a  dc  or  bias  term  and  is  generated  by  a 
single  element  at  the  center  of  the  array. 

Consider  for  example  a  vertical  stack  of  five  isotropic  radiators, 
Figure  1,  where  four  of  the  elements  are  equlspaced  and  symmetrically 
disposed  about  the  array  center  where  the  fifth  (bias)  element  is 
located.  The  axis  of  the  array  (Z  axis)  is  taken  as  normal  to  the 
conventional  X-Y  plane  and  the  elevation  angle,  Q,  is  measured  from 
zenith.  The  center  element  in  the  array,  labeled  "bias  El"  in 
Figure  1,  radiates  a  signal  of  constant  phase  for  all  array  aspect 
angles,  making  that  signal  a  spatial  bias  or  "dc"  contributor  or 
simply  A^,  to  the  total  radiation  field. 

Wnen  the  innermost  pair  of  elements  located  about  the  center  of 
the  array,  labeled  "1st  Harm  Pair,"  are  excited  with  equal  amplitudes 
and  with  phases  symmetrical  about  the  center,  a  field  is  generated 
proportional  to 

a:  cor,  (~  cos  e  +  $  )  (i) 


where , 

S  is  the  spacing  between  a  pair  or.  generating  elements 
^1  is  the  excitation  phase  of  the  first  harmonic  pair  of  elements 
A^  is  amplitude  of  excitation  of  each  element  of  the  first 
harmonic  pair 
A  is  the  wavelength 

9  is  the  elevation  angle-.  ^ 

This  field  represents  the  lowest  spatial  frequency  for  the  array. 

In  a  similar  fashion  the  outermost  pair  generates  a  field 
proportional  to 


*R.  M.  Bracewell,  "The  Fourier  Transform  and  Its  Applications," 
McGraw  Hill  Book  Co. ,  1965 
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where,  is  the  amplitude  of  excitation  of  each  element  of  the  outer 
pair  andJ<ju  is  the  excitation  phase  of  that  pair.  It  can  be  observed 
from  Equation  (2)  that  the  variation  in  this  field  is  spatially  three 
times  faster  than  the  field  from  the  innermost  pair,  see  Equation  (1). 
Thus,  the  outer  pair  generates  the  third  spatial  harmonic. 

Additional  pairs  with  the  same  spacings  will  generate  higher 
harmonics.  In  general,  the  total  field  from  an  infinite  array  would 
be  proportional  to  °° 

A  +  I  A,,  COS  COS  0  +  4>  )  (3) 

o  ,  n  A  n 

n=l 

where,  n  is  the  index  number  indicating  the  odd  harmonics,  n  =  1,3,5... 

Figure  2  (a)  illustrates  the  spatial  variations  of  the  first  two 
harmonics  and  Figure  2  (b)  the  variation  of  the  bias  terra  associated 
with  the  array  of  Figure  1.  Relative  phases  are  selected  such  that 
when  the  harmonics  are  added,  a  radiation  field  approaching  the  shape 
shown  in  Figure  2  (b)  is  produced.  The  polarity  of  the  bias  term 
determines  which  radiation  hemisphere  is  being  considered,  upper 
hemisphere  for  a  positive  bias  and  lower  hemisphere  for  a  negative  bias. 

In  a  properly  phased  finite  array,  radiation  pattern  nulls  occur 
whenever  the  bias  term  is  equal  in  amplitude  and  opposite  in  polarity 
to  the  sum  of  the  harmonic  terms.  Radiation  occurring  beyond  the 
first  null  are  the  sidelobes. 

In  the  experimental  setup,  the  amplitude  and  the  polaiity  of  the 
bias  term  was  selected  to  produce  minimum  sidelobe  levels. 

The  antenna  elements  chosen  for  this  experiment  were  four-filament 
flat  spirals  as  shown  arrayed  in  Figure  3.  These  spirals  were  each 
operated  in  the  third  radiation  mode,  a  field  configuration  where 
radiation  occurs  from  a  circumference  of  three  wavelengths ,  allowing 
room  in  the  center  through  which  to  route  cables.  There  are  six 
spirals  equally  spaced  and  symmetrically  disposed  about  the  center  of 
the  array  where  the  seventh  spiral  is  located.  There  is  a  coaxial 
cable  (RG-223)  connecting  each  spiral  input  terminal  to  a  corporate 
feed  behind  the  plate  on  which  the  array  is  mounted.  The  outer  termin¬ 
als  are  terminated  with  resistors  to  minimize  reflected  currents  from 
the  spiral  ends. 

Each  spiral  can  be  rotated  mechanically  about  the  axis  by  an 
amount  greater  than  +15°.  Since  the  third  radiation  mode  Is  utilized, 
a  mechanical  rotation  of  +15°  produces  a  change  in  phase  of  the 
filiated  field  of  +45°.  Thus,  fine  phasing  (+45°)  is  obtained  by 
rotation  of  the  spirals  about  their  axes  while  coarse  phasing  (90° 
infrements)  is  obtained  by  interchanging  input  cable  connections. 

Figure  4  is  a  picture  showing  the  corporate  feed  structure  used 
. e  excite  the  array.  Each  of  the  rectangular  printed  circuit  boards 


feeds  one  filament  of  each  of  the  seven  spirals.  The  90°  relative 
phases  used  to  excite  the  third  radiation  mode  on  each  spiral  is 
ootained  from  the  circular  shaped  feed  board.  This  circular  feed 
board  is  capable  of  providing,  simultaneously,  phasings  for  three 
additional  radiation  modes  not  used  in  this  experiment.  The  inverted 
rectangular  board  shows  a  microstrip  construction  used. 

Figure  5  shows  radiation  patterns  measured  for  the  array  at 
S-band.  The  slopes  of  the  radiation  patterns  near  the  horizon,  i.e., 

0  near  90°,  for  both  polarizations  are  fairly  steep,  approaching  2.5  db 
per  degree  change  in  elevation.  The  nulls  near  the  axis,  i.e.,  6  ■  0® , 
are  those  associated  with  the  third  radiation  mode  of  the  spiral.  The 
fact  that  they  occur  off-axis  indicates  mode  impurity,  i.e.,  presence 
of  some  first  mode  energy.  The  back  radiation  (sidelobes)  is  down 
approximately  20  db .  The  measured  phase  center  was  located  along  the 
array  axis  and  approximately  1/2  inch  from  the  array  center  toward  the 
mounting  plate. 

Radiation  patterns  were  measured  only  at  the  one  frequency. 
Patterns  were  calculated,  however,  for  spacings  of  .9  <;  ^  <,5  and  for 
a  cutoff  angle  of  0  =  90°.  Pattern  shape  including  sidelobe  levels 
and  1st  null  position  remained  essentially  constant  over  the  entire 
band . 


FIG.  1 .  REPRESENTATION  OF  FIVE-ELEMENT  VERTICAL  ARRAY 
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FIG.  2.  SYNTHESIS  OF  A  SPATIAL  SQUARE  WAVE 
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INTRODUCTION 


Studies  resulting  in  the  successful  implementation  of  a  circular  array  which  produces 
a  fan  beam  in  elevation  and  provides  360  degrees  in  azimuth  coverage  have  resulted  in  studies 
aimed  at  extending  the  approach  to  yield  three-dimensional  data  using  a  pencil  beam. '  A 
cylindrical  array  has  its  optimum  performance  at  the  position  normal  to  the  cylinder  and 
degrades  as  the  beam  is  scanned  vertically  in  either  direction  from  this  position.  In  contrast, 
the  conical  geometry  should  have  its  optimum  behavior  in  a  direction  normal  to  the  cone 
angle.  If  this  array  can  be  implemented,  then  it  is  clear  that  this  type  of  antenna  will  extend 
the  coverage  in  the  elevation  plane.  The  present  studies  are  aimed  at  a  better  understanding 
of  the  properties  of  these  types  of  arrays. 

The  cylindrical  array  can  be  considered  as  a  ring  array  composed  of  linear  array 
elements,  or  a  stack  of  ring  arrays.  The  partial  array  to  be  described  is  made  up  of  42  linear 
arrays,  each  with  32  elements,  arrayed  on  a  circle  16  feet  in  diameter.  Two  different 
approaches  can  be  used  to  feed  the  radiating  elements.  The  first  method  uses  1 :22  power 
dividers  to  feed  alternate  rows  of  elements  in  the  triangular  configuration.  Since  each  of  the 
64  partial  rings  has  only  one  phasor  board,  mdhidual  control  of  the  phase  at  each  radiating 
element  is  not  possible.  This  results  in  phtse  errers  as  the  beam  is  scanned  in  the  elevation 
plane  and  the  beam  deteriorates.  This  scheme  yields  limited  elevation-beam  data,  but  can 
give  some  indication  of  the  effects  of  these  errors  on  the  elevation  beam  characteristics. 

The  other  method  uses  a  3-bit  phasor  at  each  radiating  element  and  gives  good  control 
of  the  element  phase.  This  partial  array  can  be  scanned  in  azimuth  using  conventional  linear 
phase-scanning  technic,  f  step  scanning  for  angles  up  to  about  25  degrees.  This 

array  can  be  used  as  a  test  oed  io  investigate  angular  accuracy,  beam  behavior,  and  perform¬ 
ance  of  the  array  using  short  pulses  arid  wideband  signals.  An  indication  of  the  magnitude 
of  the  phase  tolerances  can  be  obtained  in  addition  to  data  useful  in  the  design  of  future 
systems.* 

To  extend  the  elevation  coverage  and  retain  the  advantages  of  the  cylindrical  array,  a 
conical  shape  can  be  chosen.  The  use  of  a  conical  array  is  analogous  to  tilting  back  the  planar 
array  faces  of  the  cylindrical  array  to  extend  elevation  coverage  at  the  expense  of  coverage  in 
the  region  below  the  horizon.  For  the  configuration  chosen  the  elements  are  arranged  in 
linear  arrays  along  generators  of  the  cone.  This  type  of  arrangement  results  in  unequal  ele¬ 
ment  spacings  from  top  to  the  bottom  of  the  cone.  In  spite  of  some  possible  disadvantages 
of  this  type  of  arrangement,  it  simplifies  the  implementation  of  the  logic  control  required  to 
drive  the  phase  shifters.  The  t>  pe  of  feed  system  to  be  used  with  this  array  is  of  the  space- 
feed  type  of  the  unconstrained  or  feed-through  type. 

CYLINDRICAL  ARRAY  ANTENNA 

The  cylindrical  array  antenna  being  investigated  at  NELC  is  shown  in  figure  4-1 .  The 
aperture  contains  I  344  open-ended  waveguide  radiators  arrayed  in  a  60-degree  section  of  a 
right  cylinder.  The  elements  are  arrayed  on  a  triangular  grid  as  shown  in  figure  4-2.  The 
parameters  for  the  array  arc  listed  in  table  4-1 . 
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TABLE  4-1 .  PARAMETERS  EOR  CYLINDRICAL  ARRAY  ANTENNA 


Array  sector 

Configuration 

Elements  per  column 

Elements  per  row 

Total  elements 

Type  of  elements 

Polaii/ation 

Frequency  band 

ElemeYit  spacing  in  columns 

Element  spacing  in  rows 

Waveguide  width 

Waveguide  height 

Pencil  beam 

Gain 

Maximum  sidelobc  level 
Scan  limits 


60  degrees 

16-foot-diumctcr  cylinder 

32 

42 

1344 

Open-ended  waveguides 
Horizontal 
2.9 -3.5  GHz 
0.72  wavelength 
0.64  wavelength 
0. 1 3  wavelength 
0  68  wavelength 
2.5  degrees  HPBW 
25  dB  over  isotropic 
-25  dB 

±25  degrees  each  plane 


FEED  SYSTEM  1 

The  first  feed  system  used  in  conjunction  with  the  cylindrical  array  antenna  section  is 
shown  in  figure  4-3.  This  feed  system  uses  1 : 22  stripline  power  dividers  with  a  built-in  phase 
and  amplitude  taper  to  feed  alternate  rows  of  elements.  Each  power  divider  then  has  a  4-bit 
S'npline  phase  shifter  at  its  input  allowing  for  scanning  of  the  beam  in  elevation  only.  Ele¬ 
mental  phase  control  is  not  possible  in  this  case.  The  inputs  to  t'.«.  nhase  shit  tors  are  then 
combined  by  two  1 :32  stripline  power  dividers  which  provide  an  amplitude  taper  in  the 
elevation  plane  and  allow  for  monopulse  operation. 
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Ff  EO  SYSTEM  II 


The  second  feed  system  for  the  cylindrical  inav  which  is  currently  being  fabricated 
is  similar  to  that  shown  in  figure  4-3  with  ch’.ujfrs  in  the  power  dividei -phase  shitler  arrange¬ 
ment.  The  I  ;2.I  stnplmc  power  dividers  arc  replace*!  with  t  ? t  stnpline  po*er  didders 
has  mg  an  amplitude  taper  only.  The  4-hit  stnpline  r-icssc  shifters  are  replaced  with  3-bir 
MIC"  phase  stutters  at  each  element  'With  the  phase  difurs  at  each  element,  control  •:»»  the 
phase  at  each  clement  is  possible  to  allow  toi  scanning  of  the  beam  in  lx>th  the  a/muith  and 
the  elevation  plane. 

n  IDS  VS  (I  M  I  c'OMI'OM.MS 

A  portion  A  the  back  of  the  aperture  is  shown  in  figure  4-4.  file  8-tooi  scanned 
cables  which  connect  the  ladiatir.g  elements  to  the  power  dividers  arc  shown  in  this  ligore 
figure  4-:>  shows  the  irrangemeiit  of  the  stnplir.e  power  divider,  uv.'  l  u  the  tost  type  o' 
feed  sy  ,lem  The  4-hit  stnphiu  phase  shifter  utilized  :n  tl*c  first  toed  system  is  shown.  m 
figure  4-  ,  Characteristics  for  r Ins  pltase  shifter  are  listed  in  table  4  ' 
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Figure  4-6.  4-bit  siriplinc  phase  shifter  used  in  feed  system  I 
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TABLE  4-2  CHARACTERISTICS  OF  4-BIT  STRIPLINE  PHASE  SHIFTER 


•  Loss  =2.5-  3,0  dB 

•  Frcq.  =  2.9  -  3.5  GHz 

•  VSWR  =  1 .5/1.0 

•  Power  =  5  kW  peak 


EXPERIMENTAL  MEASUREMENTS  USING  FEED  SYSTEM  I 

Using  feed  system  I,  broadside  radiation  patterns  were  measured  in  the  azimuth  plane. 
A  pattern  was  measured  at  3.S  GHz  as  shown  in  figure  4-7.  This  pattern  was  measured  with 
all  phasors  set  for  zero  degrees  scan.  From  figure  4-7  the  HPBW  is  approximately  2.5  degrees 
and  the  maximum  sidelobe  level  is  -22  dB. 
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Figure  4-7.  Measured  radiation  pattern  in  the  elevation  plane.  0  =  0  degree;  f  =  3.5  GHz. 


Elevation  radiation  patterns  were  also  measured  with  the  phasors  set  for  various  angles 
of  elevation.  Figure  4-8  siiows  one  elevation  pattern  with  the  phasors  set  for  a  scan  angle  of 
1 5  degrees.  This  pattern  was  measured  at  3.5  GHz.  From  figure  4-8  the  HPBW  is  2.5  degrees 
and  the  maximum  sidelobe  level  is  -13  dB.  The  sidelobe  level  is  higher  than  the  design  level 
due  to  systematic  errors  and  lack  of  elemental  phase  control.  Figure  4-9  shows  another 
elevation  pattern  at  a  scan  angle  of  25  degrees.  This  pattern  was  also  measured  at  3.5  GHz. 
From  figure  4-9  the  HPBW  is  2.5  degrees  and  the  maximum  sidelobe  level  is  -9  dB.  The  high 
sidelobe  level  is  again  due  to  the  same  errors  listed  for  figure  4-8. 
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Figure  4-8  Measuied  radiation  pattern  in  the  elevation  plane.  0=15  degrees;  f  =  3.5  GH/ 
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Figure  4-9.  Measured  radiation  pattern  in  the  elevation  plane.  0  =  25  degrees;  f  =  3.5  GHz 


FEED  SYSTEM  II  COMPONENTS 


The  3-bit  MIC  phase  shifter  to  be  used  with  the  second  feed  system  is  shown  in  figure 
4-10.  The  phasor  is  fabricated  on  alumina  substrate  using  PIN  diodes.  The  phasors  have 
been  tested  up  to  three  kilowatts  of  peak  power  at  midband  before  breakdown  occurs.  Other 
characteristics  of  the  MIC  phasor  are  listed  in  table  4-3. 
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Figure  4-10.  3-bit  MIC  phase  shifter  for  feed  system  II. 

TABLE  4-3.  CHARACTERISTICS  FOR  3-BIT  MIC  PHASE  SHIFTER 

Three  bits  180°,  90°,  45° 

Phase  tolerance  ±10° 

Bandwidth  2.9  to  3.5  GHz 

Loss  3.0  dB 

VSWR  1.5:1 

Power  handling  2  kW  peak 

Bias  requirements  (per  diodes)  50  mA,  I  V  forward,  90  V  reverse 

Diodes  required  Eight  each  •  Microsemiconductor 

Corporation  (MCI 354) 

Cost  (parts)  S45 

The  driver-test  circuit  package  for  the  M!C  phasor  is  shown  in  figure  4-11.  The  two 
circuits  are  fabricated  with  thick-film  hybrid  techniques.  Also  included  in  the  upper  left- 
hand  corner  of  the  package  is  a  4-bit  full  adder.  Although  packaged  in  a  3-watt  package,  the 
circuits  draw  70  milliamps  maximum  per  bit  and  dissipate  2.4  watts  maximum  '’ome  of 
the  parameters  of  the  driver  and  test  circuit  are  listed  in  table  4-4. 


Figure  411.  Driver-test  circuit  package  for  3-bit  MIC  phase  shifter. 

TABLE  4-4.  PARAMETERS  FOR  DRIVER-TEST  CIRCUIT  PACKAGE 

•  Fabricated  with  thick-film  hybrid  techniques 

•  Packaged  in  3-watt  package 

•  Dissipates  2.4  watts  maximum 

•  Draws  70  milliamps  per  bit 

•  Costs  S55  per  package 

Figure  4-1  2  illustrates  the  new  1 :2i  stripline  power  divider  to  be  used  in  conjunction 
with  the  MIC  phasors.  This  power  divider  provides  only  an  amplitude  taper.  Figure  4-1  2 
shows  the  power  divider  with  21  phasors  mounted  in  place. 


Figure  4-12.  121  stripline  power  divider  with  3-bit  MIC  phasors  for  feed  system  II. 


’  CONICAL  ARRAY  ANTENNA 

f 

!  Because  of  the  limitations  of  the  cylindrical  array  in  regard  to  tlcv.  .  m  s^n,  NELC 

f  is  now  looking  at  a  conical  array  section  in  an  attempt  to  improve  the  higi  i  utgie  coverage. 

\  Table  4-5  illustrates  some  of  the  advantages  and  disadvantages  connected  with  the  conical 

f  configuration. 
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TABLE  4-5.  ADVANTAGES  AND  DISADVANTAGES  OF  CONICAL  CONFIGURATION 

POSSIBLE  ADVANTAGES  OF  CONE: 

•  Better  scanning  properties  in  elevation 

•  Possible  reduction  in  some  sidelobc  levels 

•  Scan  limits  imposed  by  grating  lobes  may  be  less  severe  than  for  the  cylinder 

•  Interleaving  of  muitifrequency  arrays  may  be  easier  on  a  conical  surface 

DISADVANTAGES 

•  Scanning  commands  could  be  more  complex 

•  Prediction  of  performance  is  more  difficult  than  for  the  cylindrical  array 

•  Ctcss-polar  lobes  will  be  larger 


Methods  of  feeding  the  cylindrical  array  are  applicable  to  the  conical  array: 

1 .  linear  array  scan  of  active  columns  for  elevation  scan 

2.  commutation  of  distiibution  in  azimuth  for  azimuth  scan 

The  difference  between  the  cone  and  cylinder  is  that  in  the  cylinder  all  columns  are  scanned 
to  the  same  elevation  angle,  and  for  the  cone,  all  columns  are  scanned  to  a  different  eleva¬ 
tion  angle.  This  results  in  a  decollimation  of  the  sidelobes  in  the  azimuth  plane  For  the 
configuration  under  consideration  at  NF.LC  the  elements  are  arranged  in  columns,  i.e.,  equal 
number  of  elements  in  each  ring  from  top  to  bottom. 

Analytical  work  has  been  done  at  NELC  for  conical  arrays  with  the  elements 
arranged  as  above.  The  work  has  not  included  mutual  coupling  as  was  done  with  the 
cylindrical  array  because  of  the  added  analytical  complexity. 3 

ANALYTICAL  RESULTS 

The  results  of  some  of  the  analytical  work  are  given  here  to  illustrate  why  the  particu¬ 
lar  cone  angle  was  chosen.  Figure  4-13  shows  the  computed  elevation  beam  width  of  a  cone- 
vs. -elevation  scan  angle  for  various  cone  angles  as  a  function  of  scan  angle.  As  expected,  the 
optimum  beam  is  obtained  at  the  scan  angle  equal  to  the  cone  angle.  A  maximum  beam- 
width  of  2.5  degrees  is  desired  from  this  array  and  for  the  parameters  chosen  for  this  array, 
figure  4-13  indicates  that  a  cone  angle  of  20  degrees  will  provide  satisfactory  performance 
from  the  cone. 
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Figure  4-13.  Computed  elevation  beam  width  as  a  function  of  scan  angle  for  various  cone  angles 

The  effect  of  cone  angle  on  the  azimuth  beamwidth  was  also  investigated.  Figure 
4-14  compares  the  azimuth  beamwidth  of  a  cone  with  an  angle  of  30  degrees  to  that  of  a 
cylinder  for  various  elevation  seen  angles.  As  shown  by  Figure  4-14,  the  azimuth  beamwidth 
is  independent  of  the  cone  angle. 

A  computed  radiation  pattern  from  the  conical  anay  is  shown  in  figure  4-15.  This 
particular  pattern  was  computed  for  an  elevation  angle  of  30  degrees.  The  pattern  in  the 
elevation  pattern  has  well  collimated  sidelobes  but  in  azimuth  they  arc  not  collimated  by  the 
fact  that  each  column  is  scanned  to  a  different  elevation  angle.  For  the  same  reason  that 
the  azimuth  sidelobes  are  not  collimated,  any  grating  lobe  tends  to  be  decollimated  in  the 
azimuth  plane  even  more  so  than  does  the  grating  lobe  of  the  cylindrical  array.  NFLC  does 
not  intend  to  operate  this  array  in  a  condition  of  a  grating  lobe  because  of  the  high  VSWR’s 
that  can  exist  due  to  mutual  coupling  between  the  radiating  elements.^ 
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CONICAL  ARRAY  UNDER  STUDY 


Figure  4-16  shows  the  section  of  a  truncated  cone  that  is  currently  under  study.  The 
base  of  the  cone  is  1 6  feet  in  diameter  and  the  cone  angle  is  20  degrees.  Figure  4-17  illus¬ 
trates  the  conical  section  being  fabricated.  The  arrangement  of  the  printed  circuit  dipoles  can 
be  seen  from  this  figure.  The  parameters  for  the  conical  array  are  listed  in  table  4-6. 


Figure  4-16.  Section  of  truncated  cone  under  study. 


TABLE  4  6.  PARAMETERS  FOR  CONICAL  ARRAY  ANTENNA 


Frequency  band 
Number  of  elements 

Scan  limits 
Polarization 
Elements 
C.  .ngle 
Sector 

Radius  at  top 

Radius  at  base 

No.  of  elements  per  column 

Element  spacing  along  a  column 

No.  of  elements  per  row: 

Sector 
Full  circle 

Element  spacing  along  a  row: 
Top 
Base 


2.9  -3.5  GHz 

750  with  single-ended  dipoles 
950  with  feed-through  system 
+72  degrees  to  -32  degrees 
Vertical 

Printed-circuit  dipoles 

7.0° 

75.5° 

57.75  in.  (I  5.6  X) 

72.50  in.  (19.6  X) 

18 

2-1/16  in.  (0.558  X) 

50 

234 

1. 55  in.  (0.418  X) 

1.94  in.  (0.525  X) 


CROSS  POLARIZATION 

A  vertical  dipole  over  a  cylindrical  ground  plane  gives  vertical  polarization  only.  Thus 
it  is  fair  to  assume  that  an  element  on  the  cone  gives  vertical  polarization  when  referred  to  a 
‘'local"  coordinate  system,  i.e.,  one  which  has  been  tilted  to  align  with  the  surface  of  the 
cone.  With  this  assumption  the  expected  cross  polarization  can  be  calculated  for  the  conical 
array.  Figure  4-1 8  shows  the  computed  vertical  <.nd  horizontal  polarization  patterns  for  the 
cone  which  has  about  70  degrees  of  active  arc  and  a  20-degree  cone  angle.  Obviously  if 
either  of  the*e  parameters  is  varied,  more  cross  polarization  can  be  expected.  The  level  of 
the  cross  polarization  stays  to  less  than  -22  dB  for  all  scan  angles  with  the  largest  part 
appearing  ur.der  the  main  beam.  The  cross  polarization  from  the  individual  elements  contri¬ 
buting  to  the  main  beam  is  larger,  but  at  0  =  0  degrees  all  horizontal  polarizations  from  the 
left  and  right  sides  of  the  aperture  cancel  out.  The  use  of  a  fast  taper  provides  the  low  side- 
lobe  level  of  approximately  -40  dB.  A  slower  taper  would  yield  a  larger  cross  polarization. 
The  patterns  in  figure  4-18  were  computed  for  a  single  ring.  Additional  rings  would 
behave  similarly 
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MEASURED  RADIATION  PATTERNS 

Figure  4-1 9  shows  a  nieasuri  J  elei:.e;u  ivitk  oi  •<»  ir„  ,.i>-.!Lal  .u.-.n  tor  .w,  clcc.iin 
scan  angle  of  0  degrees.  The  vertical  scale  used  >u  rieurv  4  "i  ,  |.|»ear  seal.-  to  eiupha-i/' 
the  details  of  the  pattern  on  the  upier  port, on  v.-twe  in  dy*  Ail  eteiiien’  pattern?  were 
measured  in  the  array  environment  Aith  tic  .  .ui  'lent*  nt.  nrmn  at.  d  I  i^.re  J  ?0 


shows  another  measured  element  pattern  for  a  scan  angle  of  25  degrees  and  figure  4-21 
shows  a  pattern  for  a  scan  angle  of  50  degrees.  The  element  patterns  demonstrate  the 
ability  of  a  single  column  to  scan  in  the  elevation  plane. 


-90  -60  -30  0  30  60  90  120 
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Figure  4-21  Measured  element  pattern,  conical  array.  6  =  50  degrees;  f  =  3.2  GHz. 

If  the  activated  element  is  viewed  as  a  member  of  a  linear  array,  the  elevation  angles 
can  be  roughly  predicted  at  which  the  pattern  gain  begins  to  cut  off.  It  is  known  that  for 
large  planar  or  linear  arrays,  the  mutual  coupling  effects  can  cause  large  gain  loss  at  the  angle 
of  scan  where  a  grating  lobe  emerges  from  the  invisible  to  visible  space.  This  loss  of  gain, 
then,  would  show  up  as  a  dip  in  the  element  pattern.  If  “d”  is  the  element  spacing,  then 
the  angles  at  which  the  dip  should  appear  are  given  by 

d  =  ±  sin'*  (X/d  -  1 ) 

On  the  elevation  patterns,  these  angles  are  28  degrees  ±6. 


FEED  SYSTEM 

The  type  of  feed  system  to  be  used  with  the  conical  array  is  shown  in  figure  4-22.  A 
feed-through  or  space  feed  system  has  been  selected.  Table  4-7  lists  some  of  the  disadvantages 
and  advantages  possible  for  this  type  of  feed  system.  Figure  4-23  illustrates  the  space-feed 
configuration  using  a  small  cylindrical  array  as  the  source  feed. 
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Figure  4-22.  Configuration  of  feed-through  type  feed  system. 


TABLE  4-7.  ADVANTAGES  AND  DISADVANTAGES  OF  FEED-THROUGH  TYPE  FEED  SYSTEM 

DISADVANTAGES: 

Space  requirement  behind  aperture 
Power  concentrated  at  one  point 
Possible  spill-over 
ADVANTAGES: 

Simplicity 
Low  cost 
Lower  losses 
Flexibility 

Dispersion  of  bit  phase  errors 
For  circularly  symmetric  arrays: 

Commute  amplitude  by  steering  source  beam 
Multiple  beams  poss'ble 

FEED  AND  COMPONENT  DETAILS 

Figure  4-24  shows  a  stripline  module  of  the  radiating  element.  Shown  in  this  figure 
are  the  collector  and  the  retransmit  elements  on  one  side  of  the  stripline  board  with  the 
compensated  balun  and  phasor  on  the  other  side.  The  phasor  is  nothing  more  than  a  fixed 
line-length.  Eight  different  types  of  these  elements  are  being  fabricated  with  eight 
different  line  lengths  to  simulate  operation  of  a  3-bit  phase  scan  system.  Different  beam 
positions  can  be  obtained  by  removing  the  element  modules  and  rearranging  them  in  the 
aperture  according  to  computed  placings. 

Figure  4-25  shows  the  mounting  of  an  element  module  in  the  duJ  ground  system. 
The  elements  are  held  in  place  by  spring  clips  which  allows  for  easy  removal  and  insertion 
as  a  new  beam  position  is  set  up.  This  approach  is  an  extremely  low-cost  way  of  answering 
questions  about  the  cone. 

Figures  4-26  and  4-27  show  the  dual  ground  plane  system  with  two  different  sources 
for  the  space  feed  Figure  4-26  illustrates  a  small  cylindrical  array  as  the  source  and  figure 
4-27  illustrates  an  array  of  horn  elements  on  a  curved  ground  plane  as  the  source.  Perform¬ 
ance  of  the  array  using  these  two  sources  has  been  computed  and  will  be  compared  to 
measured  results  when  the  fabrication  of  the  array  is  complete. 
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CONCLUSIONS 


A  cylindrical  array  antenna  can  be  used  to  provide  pencil  beams  and  to  provide 
limited  elevation  coverage,  and  to  give  360-degree  azimuth  coverage.  The  cylindrical  array 
has  its  optimum  performance  at  the  broadside  position  and  performance  of  the  array 
degrades  as  the  main  beam  is  scanned  in  elevation  from  broadside. 

The  conical  array  can  be  used  to  overcome  the  limitations  of  the  cylindrical  array 
concerning  elevation  scan.  The  conical  geometry  has  its  optimum  performance  at  a  position 
normal  to  the  conical  surface  and  extends  the  performance  of  the  array  to  higher  elevation 
angles  at  a  slight  sacrifice  of  performance  below  the  horizon. 
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NEW  CYLINDRICAL  ELECTRONIC-SCAN 
ANTENNA  FOR  BEACON  INTERROGATOR 


Figure  1.  The  New  Cylindrical  Electronic-Scan  Antenna 


Figure  3,  Beacon  System  for  Air  Traffic  Control 


One-quarter  of  the  circular  array  is  active  for  the  fan 
beam.  With  tapered  excitation  of  this  aperture,  an  azimuth 
beamwidth  of  about  2.3°  is  obtained  near  the  horizon.  However 
a  circular  array  has  a  basic  defocusing  problem  that  ordinarily 
would  cause  a  drasti c  widening  of  the  azimuth  beamwidth  of  the 
fan  beam  at  higher  elevation  angles .  This  would  occur  because 
the  azimuth  focusing  (excitation  phase)  applied  to  the  array 
aperture  for  collimated  radiation  toward  the  horizon  would  not 
be  correct  for  collimated  radiation  at  higher  elevation  angles. 

To  overcome  this  problem  the  antenna  employs  a  two-stage  fo¬ 
cusing  technique. 

Figure  4  indicates  the  principle  of  this  technique,  in 
which  the  fan  beam  is  divided  into  two  parts  in  elevation. 

The  lower  cart  is  focused  in  azimuth  at  a  low  elevation  angle, 
and  the  upper  part  at  a  high  elevation  angle.  This  provides 
relatively  good  azimuth  focusing  over  the  complete  range  of 
elevation  angles  of  the  fan  beam.  The  result  is  an  azimuth 
beamwidth  that  remains  relatively  narrow  over  the  fan  beam, 
as  indicated  in  Fig.  4.  There  is  some  variation  in  the  beam- 
width  over  the  0  to  35°  range  of  elevation  angles;  this  could 
be  reduced  by  additional  stages  of  focusing.  However  the  two- 
stage  result  is  acceptable,  and  is  chosen  on  a  cost-effective¬ 
ness  basis.  The  beamwidth  variation  that  would  occur  if  or¬ 
dinary  single-stage  focusing  were  used  is  also  shown  in  Fig.  4. 

Figure  5  illustrates  the  elevation  feed  network  that  dis¬ 
tributes  power  among  the  16  dipoles  in  each  column  so  as  to 
provide  the  two-part  beam  in  elevation.  The  network  comprises 
two  series  feeds  in  an  arrangement  called  a  ladder  network. 

One  series  feed  provides  the  upper  (U)  part  of  the  elevation 
beam,  and  the  other  provides  the  lower  (L)  part. 

Each  series  feed  consists  of  a  series  of  stripline  direction¬ 
al  couplers;  each  coupler  is  designed  to  provide  a  particular 
current  amplitude  in  its  associated  dipole.  The  desired  phase 
of  the  dipole  currents  is  obtained  by  properly  designing  the 
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Figure.  6.  Elevation  Pattern 


lengths  of  transmission  line  in  tne  ladder  network  and  in  the 
coaxial  cable's  leading  to  the  dipoles.  The  set  of  16  cur¬ 
rents  provided  by  the  C  series  feed  is  orthogonal  to  the  set 
provided  by  the  L  series  feed;  the  resulting  U  and  L  parts 
of  the  radiated  beam  are  alsc  orthogonal  to  each  other.  In 
operation,  both  parts  are  radiated  simultaneously  and  blend 
together  smoothly  to  form  the  desired  elevation  pattern  of 
the  antenna. 


The  elevation  pattern  characteristics  are  determined  by 
the  amplitude  and  phase  of  the  sum  of  the  U  and  L  currents 
in  the  dipoles.  A  particular  set  of  currents  has  been  deter¬ 
mined  that  provides  the  elevation  pattern  shown  in  Fig.  6. 

The  ob-j?ctivee  for  the  elevation  pattern  of  the  beacon- 
in  terrooa tor  antenna  are  (1)  constant  (w.  thin  3  dB)  amplitude 
from  judt  above  the  hori2or.  to  30°  •  -  deviation,  (2)  sidelobes 
at  least  21  dB  lelow  the  peak,  ar.d  -,3}  a  sharp  cutoff  below 
the  horizon  such  that  the  level  dr  tip  a  from  -3  dB  at  +1° 
elevation  to  at  least  -?  dB  at  -1’'  ej.ev4.t10n  and  continues 
dropping  to  at  least  -21  dB  at  -I*"  elevation.  The  computed 
pattern  3ho'..T»  in  Fig.  6  meets  the  vs  i  bo'jctives  with  a  com¬ 
fortable  margin. 

The  most  important  of  tne  •  o ’■  -■  -t— --pattern  objectives 

it;  thb  sharp  pattern  cutoff.  W.  r  r  »narp  cutoff  below 

the  hori  zon  the  signal  refltc  n'v  $  ground  in  front  of 

the  antenna  causes  a  serious  '* "wt  s  >::*  L--  noting*  effect  in  the 
net  radiated  field.  This  is  i  at  tne  top  of  Fig. 

7  for  the  case  of  ,t  typical  vc?.venr  ;u„.a;  beacon-interrogator 
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Figure  7.  Vertical-Lobing  Patterns 


antenna  having  only  about  a  1-1/2  foot  vertical  aperture. 

The  poor  cutoff  obtainable  with  a  small  vertical  aperture 
yields  a  vertical-lobing  effect  that  has  deep  minima  and 
covers  a  wide  range  of  elevation  angles.  With  the  8-foot 
vertical  aperture  of  the  new  antenna,  and  with  the  vertical 
aperture  excitation  designed  for  a  sharp  cutoff  as  a  major 
objective,  the  vertical-lobing  effect  is  much  reduced,  as 
indicated  at  the  bottom  of  Fig.  7. 

It  was  assumed  for  simplicity  in  calculating  Fig.  7 
that  the  ground  is  completely  reflecting  and  flat.  Actually 
the  ground  has  a  reflection  coefficient  that  varies  with 
angle  of  incidence  and  is  unity  only  at  grazing  incidence 
and  in  the  absence  of  vegetation.  However  the  beacon- 
interrogator  antennas  are  typically  located  at  airports,  and 
there  are  often  large  flat  areas  free  of  vegetation  in 
front  of  the  antennas.  Hence  the  vertical  lobing  indicated 
in  Fig.  7  is  not  unrealistic  at  the  lower  elevation  angles. 
At  the  higher  angles,  especially  near  the  Brewster  angle. 
Fig.  7  is  unduly  pessimistic  but  the  comparison  of  perfor- 
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Figure  8.  Beam  Hopover  Patterns 


mance  between  the  two  antennas  is  valid.  In  numerous  opera¬ 
tional  situations  with  the  conventional  antenna,  particu¬ 
larly  at  the  lower  angles,  the  signal  is  so  weak  in  some 
of  the  minima  between  vertical  lobes  that  aircraft  at  those 
elevation  angles  become  missed  targets.  A  major  reduction 
of  the  number  of  missed  targets  is  expected  with  the  new 
antenna. 

An  additional  feature  is  provided  by  the  new  antenna. 

As  indicated  in  Fig.  8,  the  sharp  cutoff  of  the  elevation 
pattern  can  be  electronically  lifted  2°  or  4°  above  the  nor¬ 
mal  position.  This  electronic  lifting  of  the  pattern  cutoff 
permits  the  azimuth-scanning  fan  beam  to  "hop  over"  build¬ 
ings  that  are  often  located  near  airports  m  urban  areas.  At 
present, with  the  conventional  antenna  that  has  neither  a 
sharp  cutoff  nor  beam  hopover,  reflections  from  buildings 
cause  false  targets  to  appear.  The  new  antenna  is  expected 
to  yield  a  major  reduction  of  the  number  of  false  targets. 

Figure  9  outlines  the  basic  parts  of  the  network  that 
provides  electronic  scan  in  azimuth.  It  is  a  PIN-diode 
switching-and~ph<*sing  network  related  to  (but  somewhat  dif¬ 
ferent  from)  the  network  we  described  here  two  years  ago  for 
a  small  circular  array  [1,2].  At  the  input  port  there  is  a 

1  to  56  power  divider  to  provide  the  proper  amplitude  dis¬ 
tribution  across  the  56-column  active  aperture  in  azimuth. 

Then  there  is  a  set  of  transfer  switches  that  provide  out¬ 
puts  in  the  particular  order  needed  as  the  coarse-steering 
process  commutates  the  excitation  around  the  circular  array. 
Each  of  the  56  outputs  from  the  transfer  switches  is  then 
divided  into  two  channels,  one  for  the  lower  (L)  part  of  the 
fan  beam  and  the  other  for  the  upper  (U)  part.  Each  of  these 

2  x  56  channels  contains  a  four-bit  phase  shifter  and  a  four- 
throw  switch.  The  phase  shifters  provide  fine  steering  and 
also  azimuth  focusing,  the  latter  being  different  for  the  L 
and  U  parts  of  the  fan  beam.  Each  pair  of  four-throw  switch¬ 
es  connects  to  one  of  the  four  columns  90°  apart  on  the  cir¬ 
cular  array  for  coarse  steering. 

In  the  original  switching-and-nhasing  network  we  reported 
here  two  years  ago,  the  phase  shif  ;ers  were  located  below  the 
transfer  switches,  and  the  transfer  switches  required  a  number 
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Figure  9.  Switching-and-Phasing  Network  for  Azimuth  Scan 


of  layers  in  series  that  depended  on  the  number  of  active 
elements.  With  the  new,  much  larger,  antenna  the  number  of 
series  layers  of  transfer  switches  would  be  excessive  if  the 
earlier  arrangement  were  used.  In  the  new  arrangement,  the 
number  of  series  layers  of  transfer  switches  depends  only 
on  the  number  of  amplitude  steps  used  for  the  azimuth  aper¬ 
ture  excitation. 

Figure  10  illustrates  the  difference  between  the  old 
and  the  new  arrangement  The  old  arrangement  would  require 
five  series  layers  of  transfer  switches,  and  would  provide 
full  control  of  the  excitation  amplitude  distribution.  For 
the  new  arrangement,  two  series  layers  of  transfer  switches 
are  chosen;  this  requires  an  excitation  amplitude  distribu¬ 
tion  that  is  quantized  in  four  steps.  This  stepped  excita¬ 
tion  yields  acceptable  performance,  and  the  design  is  cost- 
effective. 

Figure  11  shows  the  azimuth  pattern  calculated  from 
the  excitation  just  described.  The  angular  location  of  the 
highest  sidelobe  is  further  from  the  mainlobe  than  is  usually 
the  case;  this  sidelobe  is  caused  by  the  excitation  ampli¬ 
tude  steps.  Its  level  is  lower  than  25  dB  from  the  peak  of 
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Figure  10.  Comparison  of  the  Two  Ordering  Networks 
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Figure  11.  Azimuth  Pattern  of  Fan  Beam 


the  ATC  beacon  system.  Three  pulses  are  radiated  by  the  an¬ 
tenna  in  each  interrogation.  The  third  pulse  (P-3)  is  radi¬ 
ated  on  the  main  fan  beam,  the  second  pulse  (P-2)  on  an  omni¬ 
directional  pattern,  and  the  first  pulse  (P-1)  on  a  main  beam 
pattern  which  in  the  latest  improved  SLS  system  is  combined 
with  an  omni  pattern.  The  field  strength  of  the  P-2  pattern 
is  greater  than  that  of  the  P-1  pattern  everywhere  except  in 
the  narrow  main-beam  portion.  If  the  P-2  pulse  received  by 
the  aircraft  transponder  is  stronger  than  the  P-1  pulse  the 
transponder  does  not  reply  and  a  short  dead-time  gate  is  in¬ 
itiated;  this  effectively  prevents  sidelobes  of  the  antenna 
from  causing  unwanted  transponder  replies. 

The  purpose  of  the  omni  component  of  the  P-1  pattern  is 
to  trigger  the  SLS  dead-time  gate  in  all  transponders  with¬ 
in  omni  range  and  thereby  prevent  unwanted  transponder  re¬ 
plies  to  reflections  from  structures  less  than  the  dead¬ 
time  range  (about  three  miles)  from  the  antenna.  This  tech¬ 
nique  is  complementary  to  the  beam-hopover  function  in  elim¬ 
inating  false  targets  caused  by  reflections.  Ideally,  one 
or  both  methods  can  be  used  as  appropriate,  as  a  function  of 
azimuth. 

In  the  circular-array  antenna,  the  omni  pattern  required 
for  the  P-2  pulse  is  obtained  simply  by  exciting  all  the 
columns  of  the  array  with  equal-phase  equal-amplitude  sig¬ 
nals.  The  composite  P-1  pattern  is  obtained  by  exciting  the 
array  with  both  the  omni  mode  and  the  fan-beam  mode  simul¬ 
taneously.  The  P-1  and  P-2  patterns  radiate  from  the  same 
vertical  aperture  with  the  same  vertical  excitation.  This 
ensures  that  the  residual  vertical-lobing  effect  (see  lower 
part  of  Fig.  7)  is  identical  for  both  patterns.  As  a  result, 
the  relative  strengths  of  the  net  radiated  P-1  and  P-2  pat¬ 
terns,  including  the  vertical-lobing  structure  caused  by 
ground  reflection,  remain  the  same  at  all  elevation  angles. 
This  is  important  for  proper  operation  of  the  SLS  system  [3] , 
and  is  a  significant  benefit  of  the  "integral  omni"  feature 
of  the  new  antenna  as  compared  with  the  conventional  antenna 
system  that  uses  a  separate  antenna  for  the  omni  radiation. 

For  azimuth  angle  determination,  the  present  beacon 
system  with  a  conventional  mechanically-rotating  antenna  dis¬ 
plays  the  aircraft  transponder  replies  on  a  PPI  or  uses  a 
special-purpose  computer  to  measure  the  azimuth  by  determin¬ 
ing  the  center  of  the  group  of  replies  obtained  as  fan  beam 
rotates  past  the  aircraft  [3,4].  With  the  new  antenna  the 
same  methods  can  be  used  when  the  fan  beam  is  electron¬ 
ically  scanned  at  a  constant  rate  through  360°.  However,  in 
the  new  discrete-address  beacon  system  (DABS)  that  is  pres¬ 
ently  being  planned  to  handle  increased  traffic,  an  agile- 
beam  mode  of  operation  will  be  required  in  high-density 
areas  [5-7].  The  new  electronic-scan  antenna  has  this  capa¬ 
bility.  It  will  be  highly  desirable  to  determine  the  target 
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Figure  13.  Antenna  3esm-Direction  Accuracy 


azimuth  angle  from  a  single  reply  when  using  the  agile- 
beam  mode;  therefore  a  n  onopul-se  receive  antenna  system 
would  be  useful.  The  new  antenna  also  has  this  capability 
by  virtue  of  the  monopulse  difference  pattern  that  it  can 
provide  in  azimuth,  as  indicated  in  Fig.  12.  The  monopulse 
technique  could  also  be  used  to  provide  enhancement  of  az¬ 
imuth  angular  measurement  in  the  ordinary  rotating-beaxn 
mode  of  operation. 

Regardless  of  which  particular  angle-determination 
technique  is  used  in  the  beacon  system,  the  antenna  beam 
direction  must  be  known  within  close  angular  tolerances. 
This  is  essential  for  safety  in  the  ATC  system.  In  the  de¬ 
sign  and  construction  of  the  new  antenna,  the  various  con¬ 
tributions  to  azimuth  angle  error  are  controlled  so  as  to 
provide  the  required  angular  accuracy  of  beam  direction. 

Figure  13  lists  some  of  the  factors  that  produce  angle 
error  in  the  electronic-scan  circular  array.  The  main  cat¬ 
egories  are  the  RF  circuit  phase  errors,  the  structural 
distortions  that  cause  the  array  to  deviate  from  its  cir¬ 
cular  shape  and  position,  and  siting  error.  The  procedure 
followed  is  (1)  to  minimize  the  initial  errors  by  a  manu¬ 
facturing  process  that  involves  close  tolerances  and  in¬ 
cludes  measurement  and  adjustment  of  the  components  and 
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structure  of  the  antenna,  and  (2)  to  minimize  later  changes 
by  designing  the  antenna  to  be  as  stable  as  is  practical.  A 
careful  analysis  has  been  made  of  this  antenna,  yeilding  an 
expected  3-sigma  azimuth  angle  error  of  less  than  0.08°. 

The  new  antenna  includes  a  comprehensive  system  for 
continuously  monitoring  all  electronic  components  and  all 
signals  to  the  array  columns.  Any  electrical  failure  is  im¬ 
mediately  detected  and  indicated  by  this  monitoring  system. 
Because  of  the  many  parallel  paths  for  radiation  in  the  ar¬ 
ray,  failure  of  ar.  electronic  component  often  causes  only  a 
slight  degradation  of  antenna  performance,  and  the  component 
can  be  replaced  while  continuing  to  use  the  antenna.  Those 
electronic  components  that  can  cause  a  serious  degradation 
by  their  failure  could  be  present  in  duplicate  and  replaced 
very  quickly  or  even  automatically;  this  procedure  will  oe 
studied  during  the  development  and  test  of  the  antenna. 

It  is  expected  that  the  stationary  (non-rotatim^  an¬ 
tenna  will  have  almost  negligible  probability  of  mechanical 
failure.  (In  contrast,  the  conventional  beacon  antenna, 
which  is  attached  to  the  radar  antenna  and  rotates  with  it, 
is  put  out  of  operation  by  a  failure  of  the  radar  rotating 
mechanism.)  Thus  the  new  antenna  should  be  a  highly  reli¬ 
able  part  of  the  ATC  beacon  system. 

A  number  of  the  antenna  components  have  been  bread- 
boarded,  and  some  of  these  are  shown  in  the  following  fig¬ 
ures.  Figure  14  shows  a  breadboard  vertical  column  of  ra¬ 
diating  elements.  Figure  15  snows  one  of  the  stripline  di¬ 
pole  radiating  elements  used  in  the  breadboard  column. 

Figure  16  shows  a  part  of  the  stripline  ladder  network  used 
with  the  breadboard  column-  Elevation  radiation  patterns 
of  this  column  have  been  measured,  and  the  capability  for 
achieving  the  desired  sharp  cutoff  has  been  confirmed. 

Figure  17  shows  a  breadboard  transfer-switch  module  con¬ 
taining  four  transfer  switches  in  an  arrangement  that  mini¬ 
mizes  the  coaxial  cable  and  connectors  required  in  the  az¬ 
imuth  electronic-scan  network.  Figure  18  shows  a  bread¬ 
board  antenna  control  unit  in  preliminary  form;  this  unit 
will  contain  all  the  circuits  tnat  control  the  electronic 
scanning  and  monitoring  of  the  antenna. 

In  conclusion,  as  summarized  in  Figure  19,  a  nu.jo.r  im¬ 
provement  to  the  ATC  beacon  system  is  to  be  obtained  by  a 
new  interrogator  antenna  comprising  a  cylindrical  electron¬ 
ic-scan  array.  The  antenna  is  presently  under  development 
at  Hazeltir.a,  and  is  expected  to  be  under  test  by  the  FAA 
early  next  year.  Mr.  Martin  Natchipolsky  of  the  FAA  is  in 
charge  of  the  project. 
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Figure  18.  Breadboard  Antenna  Control  Unit  (Preliminary  Model) 


Figure  19.  ATC  System  Benefits  of  New  Antenna 
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The  omnidirectional  antennaa  used  for  aircraft  tranpondera  to  ensure  a 
response  to  interrogations  arriving  from  all  directions  results  in  an  unfor¬ 
tunately  large  amount  of  superfluous  information  at  interrogation  terminals. 

If  the  responses  could  be  made  directionally  selective  through  the  use  of  a 
special  antenna  subsystem,  the  burden  of  sorting  through  excessive  data  for 
a  particular  response  would  be  reduced.  The  margin  of  operational  improve¬ 
ment  can  be  justified  only  if  the  antenna  subsystem  is  inexpensive,  does  not 
reduce  aircraft  performance,  and  is  compatible  with  an  existing  equipment 
inventory. 

This  paper  describes  a  low-profile  array  subsystem  that  uses  microwave 
integrated  solid-state  circuits  to  provide  spherical  coverage  on  receive, 
determine  the  angle -of-ar rival  of  each  valid  interrogation  and  response 
appropriately  with  a  directional  transmit  beam.  The  subsystem  uses  four 
linear  eight-element  arrays  equally  dispersed  about  the  aircraft  roll  axis. 
Each  array  element  contains  RF  amplification  for  transmission  and  recep¬ 
tion  to  avoid  the  effects  of  losses  in  the  beam  control  circuitry.  The  entire 
array  subsystem  is  contained  within  four  3  *  6  x  48  inch  antenna  packages, 
except  for  a  sector  sum  and  selection  unit  at  the  transponder  equipment. 

Portions  of  the  array  system  have  been  built,  arid  their  characteristics 
are  described  in  the  later  paragraphs.  The  next  discussion  deals  with  the 
operating  features  of  the  system,  the  characteristics  of  the  antenna  that 
allow  the  combination  of  spherical  and  directional  coverage,  and  the  solid- 
state  module  circuit  design. 


OPERATING  FEATURES 

| 

The  operation  of  the  system  is  depicted  by  the  block  diagram  in  Figure  1. 

Each  of  the  four  linear  arrays  contains  eight  active  transmit-receive  ele¬ 
ments  that  are  combined  in  a  beam-forming  network.  This  network  has 
eight  outputs,  each  of  which  represents  '  beam-pointing  direction  along  the  j 

aircraft  axis. 

f 

Once  the  beams  are  formed,  the  signal  from  each  beam  is  directed  in 
two  paths.  The  first  path  is  to  the  transmit  beam  selector,  where  the  beam 
having  the  strongest  signal  iB  selected  as  the  one  that  is  pointing  towar’.  the 
interrogator.  While  the  interrogator  may  not  be  located  in  this  particular 
sector,  further  processing  by  the  sector  beam  selector  determines  the 
array  that  has  the  strongest  signal,  thus  identifying  the  sector,  and  hence, 
the  particular  beam  that  is  directed  toward  the  interrogator.  j 
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Figure  1.  System  Operation 
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The  transponder  received  signal  is  directed  along  the  second  path  to  the 
beam-summing  network,  where  the  formed  beams  are  recombined  so  that  a 
nondirectional  pattern  is  obtained  from  the  array.  These  recombined  beams 
are  further  combined  in  the  sector  beam-summing  network  to  yield  an  omni  ¬ 
directional  receive  pattern.  The  procer0,  of  beam  summing  removes  the  gain 
obb'.ir-ed  by  forming  the  directional  beams,  because  noise  from  all  the  beam¬ 
forming  network  terminals  is  summed,  while  the  interrogation  signal  appears 
at  one  terminal  (or  a  combination  of  terminals,  with  the  same  amplitude  as 
the  single -terminal  case).  The  signal  from  the  summer  beams  is  then  fed 
through  a  circulator  to  the  RF  terminal  on  the  transponder. 

The  transponder  operates  on  the  received  RF  waveform  in  its  normal 
manner  and,  upon  identifying  a  valid  IFF  interrogation,  transmits  its  reply 
through  the  RF  terminal  to  the  circulator.  The  circulator  isolates  the  sector 
beam-summing  network  from  the  relatively  high  power  transponder  response. 

The  transponder  must  supply  the  two  processing  signals  required  for  the 
selection  of  the  proper  transmit  beam.  There  is  a  signal  to  identify  that  a 
valid  IFF  interrogation  code  has  been  received  and  also  a  signal  to  identify 
that  the  transponder  is  not  receiving  interrogations  it  is  transmitting. 

The  transponder  RF  reply  is  directed  through  the  sector  beam  selector 
by  an  RF  diode  switching  tree  to  the  proper  sector  transmit  beam  selector. 
Since  the  proper  transmit  beam  has  been  selected  during  the  receive  wave¬ 
form,  the  transponder  reply  is  directed  to  the  desired  terminal  of  the  beam¬ 
forming  network  by  a  single -pole  double -throw  RF  diode  switch.  The  RF 
response  is  thereby  fed  through  the  array  modules,  and  thus  the  antenna 
elements,  in  the  right  magnitude  and  phase  to  form  a  beam  with  the  desired 
directivity. 

The  system  has  been  designed  to  offer  the  same  system  sensitivity  as 
current  transponders.  Sensitivity  is  governed  by  the  transmit  beam  selec¬ 
tor,  because  a  crystal  video  detection  scheme  is  used  rather  than  a  super¬ 
heterodyne.  Crystal  video  detectors  have  a  notoriously  high  noise  figure 
due  to  the  1  /f,  or  flicker  noise,  at  low  frequencies.  However,  a  low-noise 
RF  preamplifier  is  used  at  each  array  element  to  reduce  the  overall  noise 
figure  so  that  the  same  system  sensitivity  can  be  retained.  The  calculations 
in  the  appendix  show  that  a  preamplifier  gain  of  24  dB  is  required. 

ANTENNA  CHARACTERISTICS 

The  four  arrays  are  mounted  on  the  aircraft  along  the  axes  of  a  45- 
degree  rotated  coordinate  in  the  roll  plane  as  illustrated  in  figure  2.  With 
115-degree  half  power  beamwidths  in  the  E -plane,  each  array  produces  a 
2  dB  crossover  along  the  major  elevation  and  azimuth  axis  of  the  aircraft 
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Figure  2.  Roll  Plane  Array  Locations 

in  the  roll  plane.  Figure  3  shows  how  the  four  arrays  combine  to  provide 
the  required  360-degree  roll  plane  coverage  with  a  2-dB  gain  variation  in 
that  plane. 

In  the  azimuth  plane  in  which  beam  directivity  is  achieved,  the  effects 
of  scanning  are  considered  in  the  array  design.  The  off -broadside  beams 
become  wider  as  the  gain  drops  in  accordance  with  the  projected  array  length 
in  the  direction  of  the  beam  (array  factor)  and  the  H-plane  beamwidth  of  the 
array  elements  (element  factor).  A  compensating  factor  arises  in  the 
interpretation  of  spherical  coordinates  for  solid-angle  scanning  in  that,  as 
the  beam  is  scanned  from  broadside  to  endfire,  the  E-plane  beamwidth 
becomes  much  narrower. 

To  cope  with  the  scanning  effects  and  to  maintain  a  nearly  constant  30- 
degree  sector  width  for  each  beam  step  and  a  maximum  gain  variation  of  2 
dB,  a  scheme  has  been  devised  whereby  the  number  of  elements  actually 
involved  in  the  beam  formation  varies  with  the  beam  direction.  Using  four 
elements  spaced  X/2  apart,  the  beamwidth  at  10  degrees  from  broadside  is 
26  degrees;  at  33  degrees,  the  width  in  30  degrees.  For  the  next  step,  two 
additional  elements  are  used  to  form  a  beam  at  56  degrees  with  a  width  of 
30  degrees.  This  choice  of  beam  pointing  directions  and  widths  holds  the 
pattern  crossover  levels  et  2  dB  as  shown  in  figure  4.  The  peak  directivity 
for  each  of  these  three  beams  is  nominally  a  constant  11  dB. 
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Figure  3.  Roll  Plane  Coverage 

The  description  of  the  fourth  beam  is  more  difficult  to  predict  with  any 
degree  of  certainty  due  to  the  large  steering  angle  involved.  However,  an 
angle  of  75  degrees  seems  reasonable  to  obtain,  and  this  places  the  cross¬ 
over  with  the  adjacent  beam  and  the  90-degree  end-fire  axis  at  a  level  of 
about  1  dB.  Using  eight  elements  for  the  fourth  beam  at  75  degrees,  the 
beamwidth  is  approximately  50  degrees.  To  achieve  a  constant  stepped 
azimuth  beamwidth  of  30  degrees  from  a  single  array,  about  11  elements 
would  be  needed. 

Surface  waves,  higher  order  modes,  and  local  ground  plane  effects  due  to 
a  particular  aircraft  configuration  could  dictate  the  inclusion  of  some  adjust¬ 
ability  to  customize  the  final  pointing  angle  to  fit  a  specific  aircraft.  Further, 
there  is  the  possibility  of  enhancing  the  performance  and  ensuring  coverage 
toward  endfire  by  combining  two,  three,  or  all  four  arrays  for  the  beam 
angle  closest  to  the  aircraft  longitudinal  axis. 

The  formation  of  multiple  beams  is  realized  through  the  use  of  a  time 
delay  type  of  beam-forming  network  as  shown  in  figure  5.  Each  of  the  eight 
beam  positions  corresponds  to  an  output  terminal.  For  broadside,  there  is 
no  beam  position,  but  for  the  line  shown,  the  path  lengths  to  each  element 
are  the  same.  As  the  beam  progresses  away  from  broadside,  a  time  delay 
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Figure  5.  Time  Delay  Beam-Forming  Network 


increment  is  inserted  between  each  two  elements  through  the  input  line  to 
shift  the  plane  of  wavefront  emanating  from  the  array.  Since  some  of  the 
energy  is  unavoidably  delivered  to  the  load,  this  circuit  has  an  effective 
lo 8 s  that  will  vary  slightly  with  the  number  of  elements  coupled  into  the 
circuit. 

The  basic  antenna  is  exceptionally  simple.  It  consists  of  a  linear  array 
of  eight  vertically  polarized  dipoles  X/4  in  front  of  a  reflector /ground  plane 
as  shown  in  figure  6.  The  dipoles  are  situated  on  the  front  surface,  and  the 
reflector  forms  a  part  of  the  mounting  surface  to  the  aircraft.  The  combina¬ 
tion  is  filled  with  a  low-density  foam  and  covered  with  fiberglass  to  form  a 
light  rigid  package  that  is  impervious  to  weather. 

Each  half  of  the  dipoles  is  fed  by  a  balanced  line  circuit  within  the  con¬ 
fines  of  the  package.  The  balanced  stripline  construction  is  etched  on  both 
sides  of  a  dielectric  panel  mounted  perpendicular  to  the  dipoles  and  running 
the  length  of  the  package.  The  proper  balanced-to-unblanced  line  transi¬ 
tions  are  included  ahead  of  the  module  electronics,  which  are  also  incor¬ 
porated  inside  the  package. 
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Figure  6.  Antenna  Construction 

The  entire  array  unit  is  48  inches  long,  6  inches  wide,  and  extends  3 
inches  above  the  aircraft  surface.  Mounting  and  wiring  holes  are  the  only 
external  installation  procedures  anticipated.  This  design  approach  has  been 
used  successfully  on  a  low-cost  6 -foot  linear  IFF  array  built  by  Westinghouse 
for  the  Federal  Aviation  Administration.  The  units  that  have  been  built  have 
fixed  single  beams,  but  they  have  sum  and  difference  combining  circuits  and 
some  switching  circuits.  In  models  ranging  in  length  from  6  to  10  feet,  the 
weights  have  followed  closely  a  figure  of  0.  5  pound  per  inch. 

One  of  the  eight-element  arrays  is  shown  in  figure  7.  The  dipoles  shown 
vary  in  shape  from  the  bow-tie  shape  used  extensively  at  Westinghouse. 

This  shape  was  found  to  produce  a  VSWR  of  less  than  1.  18  over  the  1,  020 
to  1,  100  MHz  band.  Slots  etched  on  a  copper  clad  dielectric  also  have  been 
considered,  and  although  the  interconnections  are  not  quite  so  simple,  their 
other  properties  make  them  equally  attractive. 

An  important  factor  from  the  standpoint  of  operating  with  an  active 
solid-state  power  amplifier  circuit  is  the  driving  point  impedance  of  radiating 
elements.  The  changes  in  this  characteristic  due  to  mutual  coupling  effects 
that  occur  with  scanning  must  be  kept  low  for  proper  transistor  operation. 
Prior  analysis  based  on  the  periodic  nature  of  a  dipole  array  structure 
revealed  that  a  theoretical  VSWR  as  high  as  9:  1  could  occur  at  scan  angles 
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Figure  7.  Eight-Element  Array 

up  to  70  degrees  for  a  linear  array  of  dipoles  spaced  \/Z  apart  and  a  \/4 
above  a  ground  plane.  The  H-plane  impedance  effect  was  calculated  in 
terms  of  the  power  transmission  coefficient  where  the  dipoles  are  assumed 
matched  at  broadside.  For  a  beam  at  56  degrees,  the  VSWR  would  be  3.  5:  1. 
By  matching  the  impedance  at  an  intermediate  scan  angle,  a  smaller  range 
of  impedance  variation  is  realized. 

SOLID-STATE  MODULE  CIRCUITS 

The  requirements  based  on  the  calculations  shown  in  the  appendix  and  an 
array  gain  of  10  dB  indicate  a  module  that  transmits  a  peak  power  of  50 
watts,  with  an  input  of  6.  5  watts.  The  receiver  section  must  exhibit  a  gain 
of  ?4  '.175,  with  a  noise  figure  of  5.  0  dB.  The  module  also  must  provide 
tracer.. it /receive  signal  separation.  The  selected  module  circuit,  shown  in 
figure  o,  uses  diode  switches  for  T /R  separation  instead  of  circulators, 
which  tend  to  be  larger,  and  diplexers,  which  tend  to  he  more  lossy  and  poor 
in  isolation. 

The  transistor  power  amplifier  is  a  single-stage  design  operating  with  a 
gain  of  9  dB,  an  overall  efficiency  of  50  percent,  and  a  peak  output  of  50 
watts.  A  separate  isolator  is  not  included  because  the  amplifier  design 
includes  a  hybrid  coupler  isolator  as  part  of  the  output  matching  network. 
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Figure  8.  Solid-State  Module 

Recent  developments  in  semiconductor  and  packaging  technology  indicate 
the  possibility  of  achieving  up  to  100  watts  peak  power  from  a  single  output 
transistor.  A  chip  carrier,  developed  at  Westinghouse,  has  been  tested  at 
power  outputs  of  30  watts  at  1. 3  GHz  with  an  efficiency  of  75  percent.  This 
compares  with  a  power  output  of  20  watts  and  an  efficiency  of  60  percent  for 
the  same  type  semiconductor  chip  mounted  in  a  conventional  package.  These 
chip  carriers  results  are  preliminary,  but  they  do  indicate  that  significant 
improvements  in  power  output  and  efficiency  can  be  realized  through 
improved  transistor  packaging. 

These  increases  in  power  output  and  efficiency  make  it  possible  to  operate 
the  power  amplifier  at  a  reduced  voltage  level  and  thereby  take  advantage  of 
the  improved  transistor  reliability  that  results  from  operating  below  the 
normal  recommended  collector  voltage.  Using  the  Westinghouse  chip  carrier 
in  combination  with  a  transistor  chip  could  provide  power  outputs  in  excess 
of  100  watts  at  1.  0  GHz  operating  with  a  +40  volt  collector  supply.  The 
50  watts  peak  output  required  for  the  module  could  be  achieved  at  a  collector 
voltage  considerably  below  that  level  (approximately  30  volts). 

The  low-noise  amplifier  is  a  two-stage  design  to  produce  a  gain  greater 
than  24  dB.  Similar  designs  have  been  produced  at  L-band,  with  gains  of 
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20  dB  and  noise  figures  of  2.  75  dB.  Similarly,  diode  switches  for  T/R 
applications  have  been  built  to  handle  115  watts  peak,  10  watts  average,  with 
isolations  of  25  dB  and  a  maximum  insertion  loss  of  0.  6  dB.  A  loss  of  0.  4 
dB  and  isolation  of  20  dB  are  realistic  for  a  PIN  diode  switch.  The  entire 
module  circuitry  is  contained  within  a  package  measuring  3.  5  inches  by  2.  5 
inches  by  0.4  inch. 

PERFORMANCE  SUMMARY 

The  electrical  performance  is  summarized  in  the  following  table  for  the 
case  of  a  single  eight-element  array  operating  independently.  As  stated 
earlier,  proper  accounting  for  phasing  between  arrays  could  allow  simul¬ 
taneous  operation  of  arrays  at  least  at  end  fire  if  more  gain  is  desired.  The 
figures  shown  are  conservatively  based  on  measured  data  acquired  on  similar 
arrays  built  at  Westinghouse. 


ELECTRICAL,  PERFORMANCE 


Parameter 

Frequency 
Polarization 
Array  Size 

Beamwidths  -  H-plane 
E- plane 

Sidelobes  (grating  lobes) 

Gain  (including  BFN  loss) 

Gain  variation 
over  sphere 

Element  transmit  power 
Element  noise  figure 
Preamplifier  gain 


Value 

10  20  to  1100  MHz 
Linear,  H-plane  scan 
48  *  6  *  3  inches 
30  degrees  (0  to  56  degrees) 
115  degrees 

Lower  than  -12  dB  peak 

10  dB  (0  to  56  degrees) 

<2  dB  (0  to  ±80  degrees) 

<4  dB  (±80  to  ±90  degrees) 

50  watts 

5.  0  dB  max 

24  dB 
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APPENDIX 


DETERMINATION  OF  TRANSMIT -RECEIVE 
MODULE  REQUIREMENTS 


The  signal  levels  required  for  the  system,  and  hence  the  RF  preamplifier 
gain,  are  determined  from  the  available  signal  at  the  element  module  and 
the  sensitivity  of  the  video  detector.  The  detector  has  a  tangential  signal 
sensitivity  of  -55  dBm,  which  can  be  connected  to  a  minimum  trigger  level 
(MTL)  of  -46.8  dBm.  for  a  signal-to -noise  ratio  of  15.  2  dB.  Assuming 
that  the  same  signal  intensity  is  available  in  space  as  in  current  transponder 
systems,  the  MTL  signal  at  the  module  antenna  element  terminal  will  be 
-85.  5  dBm,  which  is  determined  from  an  array  gain  of  1.  5  dB  and  a  9-dB 
distribution  factor  for  the  eight-element  array  and  the  original  MTL  signal 
of  -78  dBm.  That  is,  -78  +1.5  -9  =  -85.  5  dBm.  An  additional  loss  of  0. 4 
dB  in  the  module  T-R  device  brings  the  level  of  the  input  of  the  RF  preampli¬ 
fier  to  -85.  9  dBm. 

Working  back  from  the  video  detector,  there  is  a  1 .  0-dB  insertion  loss 
for  the  RF  switch  in  the  transmit  beam  selector;  also  a  1.  5-dB  loss  and 
18-dB  signal  gain  in  the  beam-forming  network.  The  gain  is  due  to  the 
coherent  addition  of  the  signal  from  each  module  of  the  eight-element  array. 
There  is  also  a  9-dB  noise  gain  because  of  the  incoherent  noise  addition. 
Another  0.  4-dB  loss  is  incurred  in  the  T-R  device  at  the  module  output, 
thus  bringing  the  total  losses  between  the  preamplifier  and  the  video  detector 
to  2.  9  dB  with  a  gain  of  18  dB. 

The  MTL  signal  required  at  the  output  of  the  preamplifier  is,  therefore, 
-61.  9  dBm  (that  is,  -46.  8  +  2.  3  -18  =  61 . 9  dBm).  The  required  preampli¬ 
fier  gain  is  then  the  difference  between  the  input  ana  outpi  t  signal  levels, 
or  24  dB  (-61. 9  +85.  9  =  24). 

The  required  transmitter  power  can  be  determined  in  a  similar  manner. 
The  effective  radiated  power  from  an  array  is  required  to  be  500  watts  (+27 
dBW)  to  meet  transponder  distance  requirements.  The  power  required  at 
each  element  of  the  eight-element  array  is  determined  from  the  array  gain 
of  1.  5  dB  and  the  9-dB  distribution  factor,  or  +16.5  dBW  (27  -  1.5  -9  =  16.  5). 
The  transmission  path  losses  for  the  T-R  devices  and  beam  forming  network 
are  the  same  as  before.  Additional  losses  are  for  the  RF  switches,  three 
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of  them  at  1.  0  dB  each,  the  transmission  line  at  0.  7  dB ;  and  the  circulator 
at  0.4  dB.  Total  losses  are,  therefore,  6.4  dB. 

On  the  other  side  of  the  ledger,  the  gains  are  9  dB  for  the  power  amplifier 
and  -9  dB  for  the  beam-forming  network  where  the  input  power  is  fed  to 
eight  elements.  The  total  gain  is,  therefore,  0  dB,  and  the  transmitter 
power  required  is  +  22.  9  dBW,  or  195  watts.  The  transponder  transmitter 
can  be  used  provided  a  4-dB  attenuator  follows  the  circulator. 

The  transponder  input  MTL  signal  level  must  be  maintained  at  -78  dBm  so 
that  the  dynamic  range  capability  will  not  be  exceeded.  This  level  is  main¬ 
tained  through  the  use  of  a  directional  coupler  at  the  output  of  the  beam¬ 
forming  network.  This  allows  the  beam-steering  signal  to  be  taken  off  with 
little  loss.  The  coupling  level  can  be  determined  by  analyzing  the  remainder 
of  the  transponder  input  path. 

The  MTL  signal  at  the  input  to  this  directional  coupler  is  found  from  the 
previously  determined  -61,9  dBm  signal  level  at  the  output  of  the  RF  pre¬ 
amplifier.  There  is  a  0.  4  dB  T-R  loss  and  a  1.5-dB  beam-forming  network 
insertion  loss,  as  well  as  the  18-dB  gain  in  the  beam-forming  network.  The 
input  to  the  directional  coupler  is  then  -45.8  dBm  (-61.9  -1.9  +18  =  -45.  8  dBm. 

Working  back  from  the  transponder,  there  is  a  0.4-dB  insertion  loss  for 
the  circulator,  a  6.  2-dB  loss  in  the  sector  beam-summing  network,  a  9.  3- 
dB  loss  in  the  beam-summing  network,  and  0.  7-dB  Iosb  in  the  transmission 
line.  Losses  of  15  dB  are  due  to  the  hybrid  addition  of  the  RF  signals.  The 
total  losses  are  16.  6  dB.  Since  the  MTL  required  at  the  transponder  input 
is  -78  dBm,  the  level  required  at  the  output  of  the  directional  coupler  is 
-61.  4  dBm.  The  directional  coupler  then  requires  a  coupling  of  15.6  dB  in 
the  attenuated  arm  (61. 4  -  45.  8  =  15.  6  dB), 
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SOLID  STATE  PHASED  ARRAYS  FOR  SATELLITE  COMMUNICATIONS 


INTRODUCTION 


Modern  shipboard  satellite  communication  (SATCOM)  systems  typically 
contain  high  power  radio  frequency  (RF)  transmitting  tubes  with  high  voltage 
power  supplies,  temperature  stabilized  low  noise  preamplifiers,  mechanic¬ 
ally  stabilized  passive  reflector  antenna  systems,  and  a  wide  range  of  semi¬ 
conductor  devices.  This  variety  of  unique  circuits  precludes  extensive  use 
of  integrated  circuit  modules  and  has  caused  very  high  cost  for  decign, 
fabrication,  maint  nance,  and  reliability.  The  application  of  traditional 
design  concepts  has  priced  phased  arrays  out  of  the  SATCOM  market  for 
all  applications  except  on  the  satellites  themselves.  The  point  of  this  dis¬ 
cussion  Is  not  that  conventional  phased  array  designs  are  wrong  or  that  the 
cost  of  acquisition  and  ownership  for  mechanically  steered  antenna  systems 
is  high,  but  rather  that  new  technologies  involving  solid  state  microwave 
circuit  integration  are  available  which  when  logically  developed  and  appro¬ 
priately  combined  promise  to  reduce  the  cost  of  acquisition  and  ownership 
of  SATCOM  terminals.  For  antenna  apertures  less  than  5  square  feet,  the 
costs  associated  with  mechan.Ccilly  steered  antenna  systems  are  nearly 
constant,  setting  a  lower  bound  on  the  cost  of  conventional  systems  (Fig. 

1).  The  application  of  solid  state  microwave  integrated  circuits  (MIC)  to 
the  transmitter  and  receiver  in  a  mechanically  steered  system  is  limited  to 
a  single  up  converter,  down  converter,  and  receiver  RF  preamplifier.  On 
the  other  hand,  the  inherent  redundancy  of  phased  arrays  with  distributed, 
low  power  transmitters  and  receivers  permits  extensive  application  of  solid 
state  MIC  technology.  Individual,  Identical  modules  consisting  of  a  trans¬ 
mitter  with  an  up-converter  and  power  amplifier  capable  of  delivering  2 
watts  (V\ }  continuous  wave  (CW)  at  X-band  and  a  receiver  with  a  low  noise 
parametric  preamplifier  and  down-converter  can  be  arrayed  to  obtain  aper¬ 
ture  gain,  electronic  steering,  and  high  transmitted  powers.  It  is  antici¬ 
pated  that  the  requirement  for  large  quantities  of  identical  MIC  transmit/ 
receive  (TR)  modules  for  small  aperture  phased  arrays  will  substantially 
lower  module  costs  and,  consequently,  system  costs.  Solid  state  MIC 
phased  arrays,  besides  reducing  system  cost  of  ownership  through  lower 
fabrication  costs  and  improved  reliability  and  maintainability,  can  provide 
additional  performance  in  areas  not  readily  amenable  to  solution  with 
mech-nlcally  steered  antennas. 

The  primary  goal  for  developing  a  shipboard  SATCOM  phased  array  is 
to  demonstrate  how  solid  state  MIC  technology  can  lower  the  total  cost  of 
a  small  shipboard  terminal.  To  accomplish  this  objective,  a  three  phase 
program  was  established.  In  phase  one,  an  exploratory  model  SATCOM 
phased  array  composed  of  solid  state  MIC  transmit/receive  modules  is 
developed  in  order  to  establish  the  problems  acsociated  with  MIC  tech¬ 
nology  for  SATCOM  applications,  to  evaluate  preliminary  design  concepts 
for  the  T/R  modules,  and  to  improve  module  subsystem  penormance  where 
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necessary.  In  phase  two,  an  advanced  T/R  module  mechanically  and  elec¬ 
trically  suitable  for  direct  incorporation  into  a  shipboard  SATCOM  phased 
array  terminal  is  developed  and  tested  based  on  results  obtained  from  im¬ 
provements  to  and  evaluations  of  the  exploratory  array  and  system  tradeoff 
studies  from  phase  one.  In  phase  three,  an  advanced  development  model 
SATCOM  phased  array  is  built  for  shipboard  test  and  evaluation. 

Phase  one  is  nearing  completion.  A  four  element  MIC  phased  array  has 
been  built  to  operate  through  channel  one  of  the  Defense  Satellite  Communi¬ 
cations  System  II  (DSCS-II)  satellites  and  is  under  evaluation  at  the  Naval 
Research  Laboratory  (NRL) .  Four  parametric  preamplifiers  with  integral  Gunn 
pumps  and  presele.tor  filters  have  been  built  to  provide  low  noise  front  ends 
for  each  of  the  module  receivers.  The  MIC  module  design  and  system  per¬ 
formance  studies  to  be  discussed  later  have,  by  in  large,  been  completed 
for  phase  one.  The  result  has  been  (1)  a  complete  redesign  of  the  module 
receiver  for  lower  noise  temperature,  increased  flexibility,  and  reduced  com¬ 
plexity  and  cost,  (2)  expanded  design  of  the  module  transmitter  to  increase 
the  output  power  to  2  W  CW  at  approximately  9  percent  direct  current  (dc)  to 
RF  efficiency,  (3)  a  complote  redesign  of  the  mechanical  layout  of  the  mod¬ 
ule  in  fa  .'or  of  a  dual  T/R  module  with  improved  form  factor,  heat  dissipation, 
and  reduced  module  cost,  and  (4)  system  studies  of  methods  for  increasing 
array  scar,  volume,  to  determine  the  required  system  effective  radiated  power 
(ERP)  for  working  with  DSCS-II,  to  lower  system  noise  temperature,  and  to 
predict  system  power  and  cooling  requirements. 

MODULE  RECEIVER 

Figure  2  shows  a  block  diagram  of  the  prototype  exploratory  T/R  module 
presently  being  evaluated  at  NRL  and  Fig.  3  shows  the  receiver  and  trans¬ 
mitter  of  an  actual  prototype  module  less  the  radiating  element.  If  the  proto- 
ype  module  were  to  be  used  in  a  shipboard  SATCOM  array,  a  low  noise  para¬ 
metric  preamplifier  would  be  added  immediately  after  the  receiver  preselector 
filter.  In  fact,  this  configuration  is  to  be  evaluated  when  the  MIC  paramps 
are  delivered  to  NRL.  Since  both  the  paramp  modules  and  the  prototype 
phased  array  modules  contain  a  preselector  filter,  the  array  module  filter 
will  become  a  post-selector  filter  when  the  paramp  module  is  connected. 

In  a  production  module,  the  paramp  would  be  contained  in  the  same  package 
as  the  rest  of  the  module  receiver  and  the  postselector  filter  would  be  elim¬ 
inated.  There  are  difficulties  with  the  RF/IF  module  receiver,  however. 

The  number  of  active  components  in  this  type  of  module  receiver  is  large. 

A  large  substrate  area  is  needed  for  the  receiver,  and  an  array  composed  of 
l  h  modules  requires  both  a  receiver  IF  and  local  oscillator  (LO)  manifold. 
Tir-  Main  advantages  of  the  RF/IF  module  receiver  are  the  relaxed  tolerances 
required  on  the  IF  and  LO  manifolds . 

D:e  to  the  limitations  of  the  RF/IF  module  receiver,  future  work  will 
concentrate  on  an  all  RF  module  receiver  (Fig.  4).  The  all  RF  module  receiver 
consisting  of  a  preselector  filter,  low  noise  parametric  amplifier,  and  a  low 
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loss  wideband  phase  shifter  offers  a  number  of  advantages  over  the  RF/IF 
module  receiver.  The  all  RF  module  receiver  has  fewer  active  components 
than  the  RF/IF  receiver  since  there  is  no  X3  multiplier,  LO  amplifier,  mixer, 

IF  amplifier,  LO  connector,  or  LO  manifold  for  the  array.  With  fewer  active 
components,  the  production  yield  and  reliability  are  increased,  and  the  mod¬ 
ule  cost  is  lowered.  In  addition,  the  receiver  noise  temperature  is  decreased. 
The  major  disadvantage  of  the  all  RF  module  receiver  are  reduced  receiver 
gain  and  stricter  tolerances  required  on  an  X-band  receive  manifold.  Neither 
of  these  disadvantages  represent  a  serious  problem  since  an  additional  para¬ 
metric  amplifier  at  the  output  of  the  receive  manifold  can  supply  the  addi¬ 
tional  gain  without  appreciably  degrading  the  system  noise  temperature  and 
stripllne  manifolds  of  triplate  construction  have  been  built  at  X-band  for 
radar  receivers  with  excellent  results .  Moreover,  the  number  of  ports  on  a 
manifold  car.  be  cut  in  half  by  using  the  added  substrate  area  in  a  single  all 
RF  module  to  construct  two  transmitters  driven  by  power,  splitter  and  two 
receivers  summed  in  a  signal  combiner.  This  not  only  reduces  the  T/R 
manifold  cost  but  also  reduces  the  cost  for  a  single  transmitter  and  receiver 
as  long  as  the  active  component  costs  are  low  and  the  module  yield  is  not 
appreciably  affected.  The  fabrication  cost  for  the  passive  circuitry  is 
essentially  the  same  for  one  or  two  circuits  since  the  process  is  photographic 
and  the  second  circuit  is  an  exact  copy  of  the  first. 

MODULE  TRANSMITTER 

The  greatest  change  in  basic  design  concept  from  the  prototype  T/R  modulo 
to  the  advanced  module  has  been  in  the  receiver.  The  most  dramatic  change 
since  starting  development  of  the  prototype  T/R  modules,  however,  has  been 
in  the  technology  for  high  power  transistors  at  S-band.  In  little  more  than 
18  months,  the  power  available  at  S-band  using  the  first  production  tran¬ 
sistors  available  has  increased  from  approximately  250  milliwatts  (mW)  to 
in  excess  of  5  W  CW  at  2660  MHz,  an  increase  of  13  dB.  The  single  com¬ 
ponent  having  the  greatest  cost  in  an  MIC  module  for  SATCOM  is  the  high 
power  transistor.  For  example,  the  MSC  3005  transistor  (5  W  CW  at  3000 
MHz)  currently  costs  approximately  $300.  From  past  experience,  this  cost 
should  drop  almost  an  order  of  magnitude  in  the  next  two  years. 

Tests  at  NRL  o',  the  transistor  amplifler-X3  multiplier  technique  for  gen¬ 
erating  the  desired  X-band  transmit  signal  have  proven  that  X3  multiplication 
of  quadrlphase,  biphase,  and  frequency  modulated  signals  contributes  less 
than  0.1  dB  degradation  to  the  desired  communications.  Alternate  solid 
state  techniques  for  generating  X-band  power  include  injection  locked 
avalanche  transit  time  oscillators  (ATTO)  and  Gunn  oscillators  and  negative 
resistance  avalanche  transit  time  amplifiers  (ATTA)  and  Gunn  amplifiers. 


These  devices  and  techniques  are  actively  being  developed  by  others  for 
application  in  SATCOM  phased  arrays  but  at  present  do  not  generate  phase 
stable  power  comparable  to  that  available  with  transistor  amplifier-multiplier 
transmitters.  In  addition,  by  multiplying  the  transmit  drive  signal  in  the 
T/R  module,  transmit  feed  manifold  tolerances  are  relaxed  and  losses  are 
reduced.  The  prototype  module  transmitter  has  an  output  power  of  100  mW, 
an  Instantaneous  1.5  dB  bandwidth  of  125  MHz,  and  an  overall  DC/RF  effi¬ 
ciency  of  6%.  The  advanced  module  Is  to  have  two  transmitters  fed  by  a 
power  splitter,  each  with  an  output  power  of  2  W  CW,  an  instantaneous  1.5 
dB  bandwidth  of  200  MHz,  and  an  overall  DC/RF  efficiency  of  approximately 
9%.  To  remove  heat  from  the  module,  two  heat  pipes  will  be  press  fit  into 
the  module  case  immediately  beneath  the  high  power  stages  of  the  two  trans¬ 
mitters.  The  heat  pipes  will  pass  through  openings  in  the  RF  manifold  to  a 
regulated  heat  sink.  By  regulating  the  heat  sink,  the  module  case  tempera¬ 
ture  can  be  stabilized  which,  in  turn,  will  help  temperature  stabilize  the 
module  receiver  paramp. 

ARRAY  EFFECTIVE  RADIATED  POWER 


If  mechanization  losses  and  mutual  coupling  effects  are  neglected,  the 
T/R  modules  can  be  assembled  in  a  uniformly  illuminated  array  with  an  array 
gain,  G  ,  and  a  radiated  output  power,  P  . 


Ga  P.  = 
A  A 


NG  cos  a  where  N  = 
e 


Ns  G  P  cos  ix 

e  e  a  = 


number  of  array  elements 

element  gain 

power  per  element 

scan  angle  from  array  broadside 


Using  an  uplink  path  loss,  L  to  the  satellite,  the  uplink  canrier  to  noise 

(CAT),  T  ,  is  U 

u 


r  = 

u 


r  - 

u 


GSR  GA  PA  Lu 
k  (TS  +  V 


GSR  Lu  N‘ 


G  P  cos  fi 
e  e _ 


1  <TS  *  V 


where  Gc_  =  satellite  receiving  antenna  gain 
=  array  gain 

k  =  Boltzmann’s  constant 

T„  =  satellite  receiver  temperature, 

"  °Kelvin  UK) 

Tr  =  temperature  of  the  earth.  (Cq .  I1 


For  DSCS-II  satellites  G  =  16.8  dB,  L  =  -203  dB,  G  =  4  d.B,  P  -  3  dRW, 
or  =  ±60°,  and  Tg  +  T  -T200°K.  Then  u  e  e 


r  =  15. G  dB  +  20  log,.  N 
u  10 
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Likewise,  for  a  downlink  path  loss,  L^,  the  downlink  CAT,  Tp,  equals 


r  =  Gfl  gst  ld  ft  whare  tr  “ 

k  T 

R  G 

r,  ■  ps  gst  h>  G.  N  « 

"r  ps  - 

For  Ggr  Lp  >Gsr  Lu  =  Gs  L.  TR  =  S00°K,  and  PR 

Td  =  27.6  dB  +  10  log1Q 


array  receiving  system 
temperature,  °K 

satellite  transmitter  antenna 
gain 

satellite  power.  (Eq.  2) 

=  11.2  d  B W ,  • 


N 


The  baseband  detector  input  CAT,  Tg 

rB  '  m  fD  “t/V  where  <VV 

fD 

m 


baseband  bit  energy  to  noise 
density  ratio 

data  rate,  bits/second 

mechanization  loss  factor.  (Eq.  3) 


When  coherent  phase  shift  key  (PSK)  modulation  is  used,  assuming  a  probability 
of  error  of  10 and  a  mechanization  loss  of  2.2  dB, 


ro  8 .5  dB  +■  10  log.n  f_  . 
B  *10  D 


If  the  satellite  repeater  bandwidth  is  greater  than  or  equal  to  the  array  receiver 
bandwidth,  the  CAT  ratios  of  the  up  and  downlinks  can  be  combined  in  order 
to  obtain  the  overall  ratio  for  a  three  point  satellite  relay  system  (see  Fig.  5). 
Therefore, 


r 


B 


and  r 

u 


k  r  r_, 
_ v  d 


Kru+IVBS 
o.8  ru  rD 

0-8  ru  +rD  +  BS 
•« 

1  *  n 


where  K  =  0.8  for  a  hard  limiting  repeater 

when  r  /B_  «  1 
u  S 

Bg  =  satellite  repeater  bandwidth 


or  T  r_  =  1.25 
u  D 


{l^)r 
1  1  -  ~  ~ 


rB^ 


B  BS 


(Eq.  4) 


D 


“  rD/ES  «  1  and  r^/T^  «  1  for  a  wideband  repeater  and  low  data  rates, 
respectively,  then 


From  Eqs.  (1)  and  (2) 


r  r 

u 


D 


G  L  cos  a 
e _ 

k 


P  P^ 

- £ - § - ^  JJ3 

Tr  (ts+te); 


Combining  the  two  above  expressions  for  r  gives 


G  2  cos2  a 
e _ 

k  T„ 


k  fr  +  T  )  B 

P  N3  =■  1  2  5  - 5 — — * -  r 

e  N  1,25  G  2  L2  P„  1  B  * 


(Eq.  5) 


This  relationship  holds  true  for  a  single  satellite  access  so  long  as 
operation  falls  along  the  linear  portions  of  the  plot  in  Fig.  5  .  Therefore , 
the  maximum  data  rate  that  can  be  looped  through  a  hard  limiting  satellite 
is  more  sensitive  to  the  number  of  modules  in  a  filled,  uniformly  illuminated 
array  than  it  is  to  the  module  power.  Fortunately,  the  cost  per  element  is 
less  for  a  dual  two  watt  T/R  module  than  for  a  single  one  watt  T/R  module  in 
production  quantities  within  bounds  determined  by  module  yield  and  device 
costs . 


Substituting  for  the  terms  in  equation  (S), 

P  N3  1.057  x  105  f_  where  m  (En/N  )  =  8.5  dB 
e  u  Bo 

G  =  4  dB 

e 


a 

= 

±60° 

tr 

= 

500°K 

Vte 

- 

1200°K 

LGs 

= 

-187.2  dB 

ps 

= 

11.2  dBW 

Bs 

= 

125  MHz 

For  P  =2  W  and  f_  =  75  bits/sec,  N  =“  159.  For  scans  out  to  a  =  ±75J  for 
e  D 

sea  state  7 ,  N  =“  246  .  This  means  that  at  least  123  dual  two  watt  T/R  modules 
are  needed  for  a  single  satellite  access  into  a  similar  receiving  terminal.  An 
array  terminal  for  N  =  246  is  approximately  a  14  inch  by  14  inch  square  aper¬ 
ture,  assuming  an  element  spacing  of  0.6  wavelengths.  The  cosine  broad¬ 
ening  of  the  array  beam  for  scans  to  ±75°  decreases  the  terminal  array  gain 
so  that  a  phased  array  terminal  wording  into  itself  must  reduce  its  broadside 
communications  capacity  by  12  dB  in  order  to  operate  at  extreme  scan  angles. 
For  operation  in  the  uplink  narrow  beam  of  DSCS-II  (channel  two),  communi¬ 
cation  is  improved  by  approximately  20.2  dB.  The  conclusion  is  that  for  a 
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large  number  of  small  phased  array  terminals  the  most  effective  approach  for 
reducing  costs  Is  through  reduced  satellite  channel  bandwldths  and  multiple 
narrow  beam  coverage  of  the  earth.  Using  Eqs.  (2)  and  (3)  for  TD  and  T  , 
respectively,  Fig.  6  permits  graphical  determination  of  the  number  of 
simultaneous  accesses  possible  using  a  hard  limiting  repeater. 

ARRAY  SYSTEM  NOISE  TEMPERATURE 


Arguments  have  been  presented  In  favor  of  an  all-RF  module  versus  an 
RF/IF  module.  Extending  these  arguments  to  the  array  system  noise  temp¬ 
erature,  consider  the  three  configurations  in  Fig.  7.  The  well  known  ex¬ 
pression  for  computing  noise  temperature  is 


t_  =  t  +  ~r 
S  1  G, 


G!G2 


M 


V 


n-1 


(Eq.  6) 


where  the  noise  temperature,  T,  of  an  attenuator  of  loss,  L,  at  a  physical 
temperature  T^p  is 


T  =  (L  -  1)  TLp 

The  three  cases  all  assume  an  ambient  temperature  of  300°K.  The  respective 
gains,  component  noise  temperatures,  and  system  noise  temperatures  are 
shown  on  Fig.  7  for  the  respective  configurations.  Besides  excessive  com¬ 
plexity,  the  RF/IF  module  of  case  (a)  has  the  worst  system  noise  temperature 
by  almost  an  additional  300°K.  Case  (b)  has  the  best  system  noise  temp¬ 
erature  but  at  the  expense  of  requiring  two  paramps  per  module.  Case  (c) 
has  a  system  noise  temperature  31°K  greater  than  case  (b)  with  the  same 
net  gain  by  using  a  single  paramp  per  module  and  one  paramp  at  the  array 
summed  output.  Consequently,  case  (c)  represents  the  most  cost  effective 
approach  to  a  low  noise  temperature  system  without  undue  sacrifice  in 
system  noise  temperature. 

ELECTRICAL  AND  MECHANICAL  INTERFACE  REQUIREMENTS 

Assuming  an  array  of  250  dual  modules  or  500  transmitters  and  receivers, 
the  output  radiated  power  would  be  one  kilowatt.  The  transmitter  logic  is 
expected  to  require  from  SO  to  100  milliampores  (mA)  at  5  volts  (V),  the  re¬ 
ceiver  logic  from  100  to  150  mA  at  5  V,  the  Paramp  pump  from  200  to  400  mA 
at  5  V,  the  transmitter  power  amplifier  from  ,  00  to  800  mA  at  28  V,  and  the 
transmitter  bias  supply  from  30  to  50  mA  at  -5  V.  Taking  the  worst  case 
currents,  therefore,  a  single  dual  T/R  module  requires  51.80  W  of  direct 
current  (dc)  power  at  3  amperes  (A).  Consequently,  250  dual  modules  would 
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require  12.95  kW  at  750  A.  Since  a  shipboard  SATCOM  array  would  probably 
be  configured  as  a  monopulse  automatic  tracking  system,  each  of  the  four 
panels  in  an  array  could  be  operated  on  a  separate  200  A  supply,  A  dc  power 
supply  of  this  size  is  often  used  for  computer  applications  and  is  generally 
quite  reliable  and  fairly  compact  (usually  occupying  less  than  S  cubic  feet). 

An  RF  transmit/receive  manifold  and  a  dc  manifold  are  required  to  split 
the  transmit  drive  signal  to  the  array  modules  and  to  combine  the  received 
signals  as  well  as  to  distribute  dc  power.  The  most  cost  effective  manifold 
for  this  purpose  is  a  seven  plate  sandwich  similar  in  construction  to  three 
back-to-back  triplate  manifolds.  Such  a  manifold  would  consist  of  a  ground 
plane,  a  dc  stripllne  distribution  network,  a  ground  plane,  a  transmit  strip¬ 
line  distribution  network,  a  ground  plane,  and  a  receive  stripline  distribution 
network.  Heat  pipes  on  the  modules  would  pass  through  the  manifold  to  a 
heat  sink  cooled  by  refrigerated  air  or  ship's  chilled  water.  Modules  would 
plug  directly  into  the  manifold/heat  exchanger  and  be  fastened  in  place  by  a 
securing  screw.  To  reduce  system  costs  and  increase  reliability,  two  mod¬ 
ule  radiating  elements  will  be  directly  incorporated  into  the  dual  modules  so 
that  when  all  modules  are  plugged  into  an  array  the  aperture  will  be  complete 
except  for  a  protective  radome.  Because  the  radiating  element  has  not  yet 
been  determined  for  the  advanced  module,  however,  the  exploratory  develop¬ 
ment  of  an  advanced  module  will  be  laid  out  so  as  to  best  approximate  the 
radiating  element  sites  for  incorporation  at  some  later  time.  In  the  mean¬ 
time,  RF  connectors  will  be  located  tn  place  of  the  radiating  elements  so 
that  existing  elements  can  be  connected  to  the  module  (see  Fig.  8). 
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Figure  3.  PROTOTYPE  MIC  MODULE  WITH  RECEIVER  SIDE  SHOWN  ON  THE  LEFT  AND  TRANSMITTER  SIDE 
SHOWN  ON  THE  RIGHT 
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BACKGROUND 


Spacecraft  for  deep  space  probes  are  often  spin  stabilized  to  minimize 
fuel  requirements  for  attitude  control.  To  maintain  reliable  high-rate  data 
communication  with  the  earth,  a  high-gain  spacecraft  antenna  is  highly 
desirable  because  of  the  limited  prime  power  available  on  the  spacecraft. 

A  directive  (typically  p  encil-beam)  antenna  must  necessarily  maintain  its 
alignment  toward  earth  while  the  spacecraft  is  spinning.  This  characteristic 
is  commonly  referred  to  as  "despinning"  the  antenna. 

All  despun  antennas  built  or  proposed  to  date  may  be  categorized  as  either 
mechanically  despun  (MDA)  or  electronically  despun  (EDA).  In  the  mechan¬ 
ically  despun  approach,  the  antenna  (or  parts  thereof)  is  counter-rotated  at 
speed  equal  and  direction  opposite  to  the  spinning  spacecraft.  The  antenna 
totation  is  provided  by  an  electric  motor  drive  slaved  to  a  rotation  rate-sensing 
electronic  drive  circuit.  Several  mechanically  despun  antennas  have  compiled 
notable  records  of  operational  service.  ^  Nevertheless,  the  principal  disad¬ 
vantages  of  mechanically  despun  antennas,  including  long  term  lubrication  of 
moving  parts,  magnetic  disturbances  to  the  scientific  package  on  board,  and 
required  location  on  the  spacecraft  spin  axis  cannot  be  discounted. 

Electronically  despun  antennas  avoid  the  above  problems  but  existing 
designs  ®  introduce  some  new  one9  of  their  own.  Electronically  despun 

antennas  usually  employ  a  circular  array  of  radiating  elements  phased  to 
produce  a  directional  radiated  beam.  As  the  spacecraft  rotates,  proper 
control  of  the  phasing  devices  keeps  the  beam  directed  to  earth.  Typically, 
the  RF  circuitry  required  to  do  this  consists  of  power  dividers,  diode  phase 
shifters  with  drive  circuitry,  stripline  matrix  circuits,  and  interconnecting 
transmission  lines.  The  complexity  and  extent  of  this  circuitry  has  proven 
to  be  a  rather  severe  disadvantage  for  electronically  despun  antennas  in 
terms  of  weight,  cost,  and,  perhaps  most  important,  RF  losses.  One  of 
the  more  promising  current  designs,  when  built  in  breadboard  form,  pro¬ 
duced  a  very  low  overall  antenna  efficiency.  ^  Having  a  despun  directional 
antenna  beam  is  of  marginal  utility  if  the  majority  of  the  transmitter  output 
power  is  absorbed  in  the  distribution  and  phasing  network. 

A  NEW  APPROACH 

In  recent  years,  the  increasing  interest  in  solid-state  technology,  as 
applied  to  active  aperture  phased  array  antennas,  has  led  to  a  new  concept 
in  packaging.  Thus  far  the  concept  has  been  applied  primarily  to  radar 
sets  and  involves  the  distribution  of  phase  shifting,  high  power  amplification, 
and  receiver  preamplification  functions  over  the  antenna  aperture  by  using 
many  solid-state  microwave  modules.  Each  module  is  mated  to  a  small 
number  of  radiating  elements  (typically  or.e  to  four).  The  distributed 
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solid-state  circuits  replace  such  conventional  devices  as  high-power 
electron  tube3,  high-power  phase  shifters,  and  parametric  amplifiers. 

Studies  at  Westinghouse  have  shown  this  approach  to  produce  significant 
improvements  in  the  overa’  >  ufficiency  of  radar  systems.  In  view  of  the 
efficiency  shortcomings  of  despun  spacecraft  antennas  mentioned  above, 
this  paper  examines  the  feasibility  of  its  application  to  satellite  communica¬ 
tion  systems. 

A  new  approach  to  the  despun  antenna  problem  will  be  described  here  and 
involves  the  application  of  active  solid  state-modules  to  the  configuration  of 
a  typical  spin- stabilized  spacecraft.  The  concept  is  shown  in  block  diagram 
form  in  figure  1.  The  radiating  elements  with  their  associated  modules  are 
evenly  spaced  around  a  circular  cylindrical  surface  as  indicated  in  the  insert. 
The  actual  configuration  of  the  radiating  elements  is  quite  flexible  and  may 
be  designed  to  meet  varying  antenna  performance  requirements.  For  ex¬ 
ample,  beamwidth  requirements  in  the  spacecraft  axial  plane  might  dictate 
that  the  radiating  "element"  be  made  up  of  a  linear  array  of  four  dipoles. 

Gain  or  polarization  requirements,  on  the  other  hand,  could  make  another 
configuration  more  attractive.  The  modules  themselves  each  contain  RF 
power  output  stages,  low  noise  amplifiers,  a  digital  phase  shifter,  logic 
circuit,  and  the  necessary  diplexing  devices.  A  block  diagram  of  the  module 
is  shown  in  figure  2  and  will  be  discussed  more  fully  below.  The  RF  mani¬ 
fold  provides  for  distribution  of  transmit  and  received  signals  to  or  from  the 
modules.  A  beam  steering  computer  uses  spin  rate  and  earth  vectoring 
information  to  provide  signals  to  the  separate  modules,  gating  them  off  or 
on  and  setting  proper  phase  shift  values.  A  dc  power  supply  provides  drive 
current  and  other  constant  voltages  to  the  modules. 

In  order  to  direct  a  beam  toward  the  earth,  only  the  modules  on  the  side 
of  the  spacecraft  nearest  the  earth  will  be  gated  on.  Typically,  the  number 
of  active  modules  at  any  instant  would  be  one -fourth  to  one -third  of  N,  the 
total  number  available.  The  phase  shifter  in  each  module  is  adjusted  to 
provide  a  linear  phase  front  perpendicular  to  the  earth  position  vector.  As 
the  spacecraft  spins  through  an  angle  of  360 /N  degrees,  the  digital  phase 
shifters  are  adjusted  periodically  to  keep  the  radiated  beam  properly 
directed.  At  the  end  of  the  360 /N  degree  movement,  the  one  active  module 
which  has  rotated  farthest  from  earth  is  gated  off,  the  next  module  on  the 
opposite  end  of  the  active  group  is  turned  on,  and  the  phase  shifting  sequence 
is  repeated.  It  should  be  noted  that  the  required  commands  from  the  com¬ 
puter  are  repetitive  in  nature  and  vary  only  as  the  spin  rate  of  the  space¬ 
craft.  The  beam  steering  computer  is  thus  a  relatively  simple,  low  cost 
component. 
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Figure  1.  Solid-State  Aperture  Despun  Array  Dlock  Diagram 
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SOLID  STATE  MODULE 


The  block  diagramof  figure  2  shows  the  basic  configuration  of  the 
electronic  circuit  modules  which  will  provide  the  power  amplification,  low- 
noise  amplification,  and  phase  shifting  functions  required  to  implement  the 
active  antenna  aperture.  By  locating  both  amplification  functions  immediately 
adjacent  to  each  radiator,  the  effect  of  signal  losses  in  the  RF  manifold  on 
system  efficiency  and  noise  figure  are  minimized. 

The  active  aperture  approach  is  made  possible  through  the  use  of  micro- 
wave  integrated  circuit  techniques  which  allow  the  construction  of  high- 
performance  modules  occupying  an  order  of  magnitude  less  space  than  their 
conventional  counterparts.  All  module  functions  are  implemented  using 
solid-state  devices  and  hybrid  fabrication  techniques. 

The  modules  are  designed  using  the  "microstrip"  approach;  that  is, 
distributed  transmission  lines  on  high  dielectric  substrates.  The  transmis¬ 
sion  line  patterns  are  produced  using  high-conductivity,  thick-film  gold  ink 
printed  on  99.  5  percent  alumina  substrates  (E  ^lO).  The  semiconductor 
devices  are  attached  using  eutectic  and  thermocompression  bonding  techniques. 

The  module  configuration  indicated  by  the  block  diagram  is  one  of  several 
which  would  be  suitable  for  application  to  the  despun  antenna.  The  basic 
elements  of  the  module  are  the  following: 

Diode  Switch  -  Serves  the  required  on/off  switching  of  the  module. 
Terminates  the  RF  manifold  in  a  50^  load  when  the  module  is  off, 

Pha9e  Shifter  -  Provides  the  proper  signal  phasing  required  for  beam 
steering.  A  diode  digital  phase  shifter,  of  the  switched  line-length  variety, 
with  a  quantization  level  of  3  or  4  bits  may  be  used. 

Logic  Circuit  -  Interprets  the  computer  code  to  provide  control  signals 
to  the  phase  shifter  and  diode  switch. 

Diplexers  (2)  -  Provides  transmit  and  receive  signal  separation. 

Power  Amplifier  -  Generates  the  required  transmit  signal  signal  level. 

For  typical  spacecraft  applications,  2  to  4  watts  CW  per  module  would  be 
required  and  is  within  present  technology. 

Low-Noise  Amplifier  -  Amplifies  the  receive  signal  to  establish  noise 
figure. 
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Other  module  and  manifolding  configurations  may  be  considered,  For 
example,  it  might  prove  advantageous  to  implement  a  manifold  using  a  diode 
switch  network  and  avoid  dissipating  that  portion  of  the  input  signal  feeding 
inactive  modules.  In  conjunction  with  this,  the  moving  of  one  or  more 
stages  of  amplification  from  the  module  to  the  manifold  could  prove  beneficial. 
Options  of  this  type  call  for  detailed  analyses  which  have  not  been  undertaken 
for  this  particular  application. 

ADVANTAGES 

As  mentioned  earlier,  in  the  solid-state  aperture  approach,  the  RF  power 
amplifiers  and  receive  channel  low-noise  amplifiers  (LNA)  are  located 
immediately  adjacent  to  the  array  radiating  element.  This  means  that  losses 
in  the  distribution  network  (or  manifold)  and  phase  shifters  are  much  less 
significant  than  for  the  conventional  approach  of  using  a  single  transmitter 
and  receiver.  For  the  transmit  case,  the  manifolding  for  a  solid-state 
aperture  array  will  have  comparable  losses,  measured  in  dB,  to  that  of  the 
conventional  array.  However,  since  the  power  level  present  in  the  manifold 
is  many  times  smaller,  the  absolute  power  dissipated  is  likewise  much  less. 
Considering  the  receive  channel,  there  is  very  little  attenuation  between  the 
radiating  element  and  the  first  stage  of  RF  amplification  (the  LNA).  Since 
this  attenuation  contributes  directly  to  system  noise  figure,  a  considerable 
improvement  is  realized.  In  a  later  section,  the  comparative  efficiencies 
of  the  solid-state  aperture  and  conventional  arrays  will  be  discussed  in  more 
detail. 

An  additional  advantage  of  the  solid-state  aperture  despun  antenna  is 
versatility  in  array  radiation  performance.  The  beam  steering  computer 
can  be  programmed  to  control  the  phase  and  output  of  each  module.  To  meet 
immediate  needs,  this  capability  would  be  used  only  to  provide  a  despun  mode 
and  a  failsafe  omnidirectional  mode.  Ultimately,  with  minor  equipment 
modifications,  a  broad  spectrum  of  radiation  capabilities  could  be  provided. 
The  possibilities  include  multiple  beams  to  communicate  with  additional 
stations  and  instantaneous  changing  of  illumination  functions  to  suit  mission 
requirements  --  sidelobe  suppression  for  secure  communications,  for 
example . 

Finally,  this  approach  offers  reliable  operation.  The  entire  RF  package 
employs  only  solid-state  devices.  Because  the  transmitter  and  initial 
receiver  stages  are  distributed  over  the  aperture,  the  failure  of  these  devices, 
up  to  some  limiting  number,  is  noncatastrophic .  Thus,  graceful  degradation 
is  obtained  as  on  inherent  feature  of  the  design. 
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DISADVANTAGES 


The  primary  disadvantage  of  the  solid-state  aperture  despun  antenna  is 
the  state  of  development  of  the  solid-state  components.  To  date,  no  solid- 
state  active  aperture  array  has  reached  production  status.  In  fact,  this 
writer  is  aware  of  only  two  solid-state  arrays  of  usable  dimensions  that  have 
reached  the  prototype  stage.  However,  much  work  has  been  done  in  many 
quarters  on  the  development  of  microwave  integrated  circuits  suitable  for 
array  applications.  The  Naval  Research  Laboratory,  for  example,  is 
presently  initiating  a  procurement  for  an  L-band,  solid-state,  transmit- 
receive  module.  We  thus  conclude  that,  although  a  solid-state  module 
suitable  for  a  despun  antenna  does  not  currently  exist,  such  a  module  is 
within  the  present  state  of  the  art,  and  a  great  deal  of  research  and  develop¬ 
ment  now  in  progress  is  applicable. 

A  detailed  weight  and  cost  analysis,  comparing  a  solid-state  aperture 
approach  with  current  electronically  despun  antenna  d<  9igns,  has  not  been 
performed.  Preliminary  estimates  indicate  that  the  solid-state  aperture 
approach  would,  at  worst,  be  competitive  in  both  cases.  Current  develop¬ 
ments  in  the  area  of  microwave  lumped  circuit  techniques  will  lead  to 
further  weight  reductions. 

EFFICIENCY  COMPARISON 

In  this  section,  the  efficiency  of  the  solid-state  aperture  approach  will 
be  compared  with  that  of  typical  electronically  despun  antennas  of  conven¬ 
tional  design  (i.  e .  ,  having  a  single,  though  possibly  redundant,  tra  ..litter 
and  receiver  and  employing  an  electronic  beam  steering  scheme).  This 
comparison  involves  a  number  of  estimates  and  assumptions  and  is  not 
intended  to  be  rigorous  but,  rather,  to  show  a  trend.  Satellite  communica¬ 
tions  normally  involve  frequency  separation  on  the  up  and  down  links,  and 
these  paths  will  be  considered  separately.  Ground  station  parameters 
(transmitter  power,  antenna  gain  and  polarization,  bandwidth,  noise  figure, 
etc,  )  will  be  assumed  identical  in  both  cases  and  so  will  not  enter  into  the 
comparison.  In  addition,  the  actual  radiating  structure  of  the  spacecraft 
antenna  will  be  assumed  the  same  for  both  and  will  consist  of  a  fixed  number 
of  uniformly  spaced  and  excited  elements.  The  latter  assumption  makes 
effective  radiated  power  (ERP)  proportional  to  the  RF  power  actually 
delivered  to  the  aperture  face.  Because  of  the  limited  power  available  on 
board  the  spacecraft,  the  down  link  is  most  important  and  will  be  considered 
first. 

Supposing  the  spacecraft  to  be  transmitting,  then,  equal  effective  radiated 
power  (ERP)  from  both  arrays  will  be  assumed  and  the  required  prime  power 
to  achieve  this  condition  will  be  compared.  As  a  starting  point,  a  per  module 
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RF  output  of  4.0  watts  CW  at  S-band  frequencies  will  be  assumed  for  the 
solid-state  aperture  approach,  a  figure  well  within  present  state  of  the  art. 

In  table  1,  the  losses  of  the  transmit  circuit  for  both  approaches  are  tabulated. 
A  generalized  block  diagram  for  a  conventional  EDA  is  shown  in  figure  3. 

For  the  solid-state  aperture  array,  the  table  values  are  based  on  performance 
figures  for  current  devices.  For  the  conventional  array,  the  losses  are 
typical  of  existing  designs  4*  Using  this  data,  the  prime  power 

necessary  to  produce  equal  ERP  will  be  computed  for  both  approaches. 

TABLE  1 


Transmit  Circuit  Losses 


Conventional  Array 

Solid-State 

Aperture  Array 

Diplexer 

0.  6  dB 

Diplexer 

0.  6  dB 

Power  Divider 

1.  5 

Element  Manifold 

0.4 

Beam  Steering  Devices 
(Phase  Shifters, 

Switches,  or  Matrices) 

2.  5 

Mismatch 

Total 

0.  1 

1.1  dB 

Element  Manifold 

0.  4 

Interconnecting 
Transmission  Lines 

0.  5 

Mismatch 

0.  1 

Total 

5.  6  dB 

1 

Considering  first  the  solid-state  aperture,  the  following  additional 
assumptions  will  be  made. 

a.  Ten  modules  are  activated  at  any  given  time  (of  a  total  of  perhaps 
32  to  40). 

b.  The  RF  power  output  stages  are  40  percent  efficient. 

c.  The  associated  power  supplies  are  80  percent  efficient. 

The  10  active  modules  thus  generate  40  watts  which,  from  table  1,  is 
attenuated  1.  1  dB  reaching  the  aperture,  resulting  in  an  ERP  of  31  watts. 
Using  assumptions  b  and  c  yields  a  prime  power  requirement  of  125  watts. 
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OF  RADIATING  ELEMENTS 


720041-VA-3 


Figure  3.  Conventional  EDA  -  Generalized  Block  Diagram 
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For  the  conventional  array,  the  RF  power  amplifier  is  assumed  to  be 
60  percent  efficient  and  power  supplies,  as  above,  assumed  to  be  80  percent 
efficient.  In  order  to  achieve  the  same  ERP  of  31  watts  with  5.  7-dB  attenua 
tion  in  the  transmit  path,  115  watts  of  RF  power  must  be  generated.  Apply¬ 
ing  the  stated  assumptions  concerning  efficiencies,  we  obtain  a  prime  power 
requirement  of  240  watt*.  This  is  about  92  percent  greater  than  that  of  the 
solid-state  aperture  or  a  2.  85-dB  difference. 

Perhaps  the  most  meaningful  way  to  compare  the  two  arrays  for  the  up 
link  is  to  compare  receive  circuit  lustre  plus  amplifier  noise  figure  at  the 
first  stages  of  preampliiic atiae  I*  it  at  tki#  point  that  system  noise  figure 
is  essentially  est^blithee  That  ;  s*  lawalated  in  table  2.  Here 

again,  the  toli'i- »ta?«  »>  :r”<i  *’?•  t  •  a  3-dB  advantrge. 
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SUMMARY  AND  CONCLUSIONS 

A  new  approach  for  a  despun  spacecraft  antenna  has  been  presented.  It 
involves  the  application  of  solid-state  aperture  techniques  to  high  gain 
arrays  for  spin-stabilized  spacecraft.  The  theory  of  operation  has  been 
discussed  along  with  major  advantages  and  disadvantages.  An  efficiency 
comparison  shows  this  array  to  be  responsive  to  a  genuine  need.  It  is  felt 
the  solid-state  aperture  despun  antenna  holds  promise  of  remedying  some  of 
the  major  shortcomings  of  current  designs. 
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STRIPLINE  STRAP-ON  ANTENNA  ARRAY 


A.  Waterman  and  D.  Henry 
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ABSTRACT 

The  development  discussed  in  this  paper  was  conducted  by 
the  Physical  Science  Laboratory,  New  Mexico  State  University, 
for  the  Air  Force  Cambridge  Research  Laboratory  under 
Contract  No.  AF  19628-69-C-017? . 


The  design  objectives  for  this  antenna  system  included  the 
optimization  of  the  following  conditions:  The  array  had  to  be  light 
weight  and  low  profile  in  order  to  be  strapped-on  to  the  surface  of 
a  rocket  or  placed  below  the  surface  of  a  satellite.  The  primary 
frequency  of  operation  was  to  be  in  the  2.2  to  2.3  GHz  S-band  TM  region. 
Coverage  was  to  be  omnidirectional,  with  a  maximum  3  dB  roll  plane 
variation.  The  polarization  was  to  be  linear,  and  the  gain  should  be 
greater  than  10  dB  below  isotropic  in  all  planes  except  for  a  2°  allow¬ 
able  null  area  forward  and  aft  of  the  vehicle. 

The  first  antenna  a*ray  constructed  was  designated  as  Model  No. 

55.001,  and  was  flown  successfully  in  May  1971.  This  array  had  an 
8  slot  S-band  TM  configuration,  and  a  4  slot  C-band  beacon.  The  S-band 
array  was  fed  in  phase  with  constant  impedance  50  ohm  striplines  using 
a  corporate  feed  structure.  The  C-band  array  was  scaled  from  the  S-band 
design  using  the  same  type  of  feeding  system.  The  S-band  slot  array  was 
circumferential,  however,  the  C-band  system  had  2  axial  and  2  circum¬ 
ferential  slots.  Radiation  coverage  from  both  systems  was  adequate, 
however,  the  VSWR  bandwidth  was  quite  narrow.  The  55.001  was  flown  on 
a  7.75  inch  Niro  rocket. 

In  an  effort  to  increase  the  VSWR  bandwidth,  a  minor  modification 
to  the  stripline  feed  was  incorporated  in  Model  No.  55.003.  This 
antenna  array  is  for  a  6  inch  Astrobee-D  rocket,  which  will  be  flown  in 
March  1972.  The  55.003  is  a  circumferential  8  slot  S-band  array.  The 
bandwidth  for  a  VSWR  of  less  than  1.5:1  is  approximately  45  MHz,  which 
is  a  50%  improvement  over  the  55.001. 

The  Stripline  Strap-On  Antenna  Arrays  mentioned  in  this  report  have 
achieved  all  of  the  major  design  goals.  Radiation  coverage  is  at  least 
96%  of  the  missile  area  greater  than  10  dB  below  isotropic.  Further  re¬ 
search  is  being  conducted  to  increase  the  VSWR  bandwidth,  and  other  vehicle 
diameters  are  in  the  design  stages. 

Introduction 

Stripline  antennas  have  been  theoretically  proposed  since  1954.  Tha 
construction  method  and  preliminary  investigations  used  in  the  arrays 
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discussed  in  this  paper  have  been  previously  presented.  The  main  points 
which  led  to  a  successful  array  design  were:  a  corporate  feed  structure 
using  constant  impedance  lines;  a  As/4  open  ended  stub  (As  ■  A//e,  e  ■ 
dielectric  constant  of  the  laminate)  past  the  top  edge  of  the  slot;  a 
bonding  Mylar  film  to  hold  the  boards  together. 

Array  Design  Model  55.001 

The  calculated  acceptable  roll  pattern  variation  for  the  S-band 
array  could  be  obtained  by  using  a  minium  of  8  radiating  elements.2  The 
outer  diameter  of  the  configuration,  without  the  radome,  was  8  inches  and 
this  fixed  the  circumferential  dimension  of  the  cavities  at  .6  A.  The 
radiating  slots  were  .45  A  and  positioned  in  the  cen  er  of  their  respective 
cavities.  The  axial  cavity  dimension,  across  the  slot,  was  detenained  to 
be  .457  A.  Since  the  impedance  at  the  center  of  the  slots  was  high  and 
line  to  slot  registration  was  not  extremely  critical,  the  slots  were 
center  fed.  Four  elements  were  paralleled,  and  then  the  two  four  element 
sets  were  again  tied  in  parallel.  A  As/4  transformer  was  then  added  at 
the  center  junction  for  the  final  impedance  matching.  The  S-band  array 
configuration  is  shown  in  Figure  1.  Element  numbers  1,  4,  5,  and  8  are 
offset  slightly,  in  order  to  have  each  element  feed  point  at  the  correct 
length  from  the  junction.  This  same  reasoning  applied  for  the  area  of 
line  around  the  feed  point  tranoformer.  VSWR  and  radiation  contour 
plots  are  shown  in  Figures  2  and  3  respectfully.  The  bandwidth  of  this 
array  for  a  VSWR  of  less  than  1.5  was  only  30  MHz.  The  radiation  cover¬ 
age  was  within  specifications,  and  a  typical  portion  of  the  flight  AGC 
records  is  shown  in  Figure  4. 

Using  the  S-band  design  information,  A  C-band  beacon  array  was 
constructed.  Since  coverage  and  VSWR  were  not  critical,  a  four  element 
array  was  chosen.  Two  elements  were  horizontal  and  two  were  vertically 
polarized.  The  C-band  array  configuration  is  shown  in  Figure  5.  The 
elements  were  offset  in  order  to  reduce  the  overall  axial  length  of  the 
array.  No  attempt  was  made  to  transform  the  final  junction  impedance 
because  of  pressing  time  commitments .  VSWR  curves  and  radiation  contour 
plots  appear  in  Figures  6,  7,  and  8. 

The  flight  configuration,  for  the  integrated  S-  and  C-band  array, 
including  radome  and  mounting  hardware  is  shown  in  Figure  9. 

Array  Design  Model  55.003 

The  previously  discussed  design  could  easily  have  been  scaled  to  fit 
the  outer  diameter  of  this  configuration  which  is  6.2  inches.  However, 
an  attempt  to  reduce  the  overall  axial  length,  increase  .  le  VSWR  band¬ 
width,  and  reduce  the  roll  plane  variation  led  us  to  a  few  minor  design 
changes . 

The  roll  plane  variation  was  reduced  from  3  dB  to  2  dB  by  using  8 
radiating  slots.  This  fixed  the  circumferential  dimensions  of  the 
cavities  at  .46  A,  and  necessitated  reducing  the  slots  to  .42  A.  This 
change  in  dimensions  was  easily  compensated  for  by  increasing  the  axial 
cavity  dimension  to  .48  A. 

The  VSWR  bandwidth  was  increased  from  30  MH„  o  45  MHz  by  the 


10-2 


combination  of  three  factors.  First,  a  more  symmetrical  feeding 
arrangement,  starting  with  two  elements  in  parallel.  Each  two-element 
set  is  then  tied  in  parallel  to  give  four  elements.  Second,  each  four- 
element  set  is  tied  in  parallel  through  an  odd  multiple  Xs/4  line  of 
the  same  constant  impedance  previously  used.  This  places  the  feed 
point  directly  in  the  center  of  a  continuous  line  rather  than  near  the 
end  of  a  Xs/4  stub.  Third,  the  90°  bends  in  the  stripline  have  been 
replaced  with  45°  bends,  thereby  reducing  the  fringing  discontinuity. 

The  axial  length  was  reduced  by  moving  the  first  parallel  junctions 
inside  the  normal  cavity  areas  without  any  disturbance  to  the  array 
resonance.  The  final  configuration  is  shown  in  Figure  10. 

This  model  will  not  include  a  C-band  array  and  will  be  flown  some¬ 
time  in  1972.  The  VSWR  curve  and  radiation  contour  plot  are  shown  in 
Figures  11  and  12. 

Photographic  views  of  this  model  are  shown  in  Figures  13  and  14 
and  are  similar  to  the  model  55.001  except  for  the  C-band  array  and  its 
associated  feed  point. 

Conclusions 

The  stripline  strap-on  antenna  arrays  discussed  in  this  paper  can 
easily  be  adapted  to  any  size  vehicle.  Scaling  to  various  frequencies 
is  easily  accomplished,  and  the  artennas  could  be  flush  mounted  if 
desired.  The  present  designs  are  for  missiles,  satellites,  and  air¬ 
craft;  however,  the  techniques  could  be  used  on  ground  based  planar 
arrays. 


References 

1,  A.  Waterman  and  D.  Henry,  "Stripline  Strap-On  Antenna  Array,"  Twenty- 
First  Antenna  Symposium,  University  of  Illinois,  Allerton  Park,  or 
Physical  Science  Laboratory,  Report  Number  PS00731,  October  1971. 

2.  J.  Ricardi,  "Directivity  of  an  Array  of  Slots  on  the  Surface  of  a 
Cylinder,"  Electronic  Engineering,  September  1967,  pp.  578-581. 


10-3 


..JillljldLi 


S-Bai 


FORWARD 


he  S-band  circuit  is  shown  in  Figure 


FIGURE  6  C-Band  input  impedance 
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IMPEDANCE  COOBDfiATES— 50-OHM  CHARACTERISTIC  IMPEDANCE 


FIGURE  II  Model  55.003  VSWR  curve 
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ABSTRACT 


The  usual  methods  of  measuring  infinite  array  input 
impedance  by  means  of  rectangular  waveguide  simulators  have 
undesirable  features  in  that  a  separate  simulator  must  be 
constructed  for  each  scan  angle  with  no  straightforward 
means  of  obtaining  the  input  impedance  at  any  general  scan 
angle.  This  paper  describes  general  measuring  techniques 
and  experimental  results  obtained  on  a  new  type  of  simulator 
utilizing  multiple  elements  in  a  multi-mode  rectangular 
waveguide.  The  technique  is  valid  for  element  spacings 
which  allow  grating  lobes  and  is  quite  general  in  that  it 
can  be  applied  to  an  array  with  any  polarization  so  long  as 
the  elements  are  symmetric  about  their  vertical  and  horiz¬ 
ontal  axes  and  so  long  as  the  array  spacing  is  rectangular 
or  triangular. 


The  proceedure  is  demonstrated  on  a  simulator  containing 
25  stripline  slot  elements.  By  measuring  one  row  of  the 
scattering  matrix  of  thA  input  lines  to  the  slots,  the 
reflection  coefficient  for  the  infinite  array  is  obtained 
at  25  angles  of  scan,  20  of  which  are  in  real  space.  The  25 
values  of  the  reflection  coefficient  are  actually  the 
eigenvalues  of  the  scattering  matrix  of  the  simulator 
element  feedlines  and  are  used  in  an  eigenvalue  expansion 
to  give  an  interpolation  to  the  input  reflection  coefficient 
at  any  scan  angle.  The  interpolation  is  shown  to  have  the 
physical  significance  of  being  the  reflection  coefficient  at 
the  center  element  in  a  100  element  sub-array  when  such 
sub-arrays  are  arrayed  side  by  side  to  form  an  infinite  array. 
It  is  shown  that  each  of  the  eigenvectors  of  the  scattering 
matrix  and  the  individual  modes  of  the  simulator  waveguide 
are  related  as  in  a  reciprocal  two-port  network  allowing 
sliding  load  techniques  to  be  utilized  during  the  measure¬ 
ments  to  eliminate  the  problems  associated  with  an  imperfect 
load  in  the  multimode  simulator  guide. 


This  wo.k  was  supported  t.  the  Swedish  Board  for 
Technical  Development  and  the  i,M  Ericsson  Telephone  Co., 
Mi-Division,  Mblndal  ,  Sweden. 
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BASIC  PRINCIPLES 


Waveguide  array  simulators  basically  fall  into  two  gen¬ 
eral  classes.  The  first  class  contains  the  single  active 
element  simulators  in  which  the  active  infinite  array  imped¬ 
ance  is  directly  measured  at  one  scan  angle  by  measuring  the 
input  impedance  to  a  single  excited  element  radiating  into  a 
loaded  waveguide.  In  the  second  category  are  the  multi¬ 
element  simulators  in  which  a  number  of  loaded  elements  are 
illuminated  by  a  waveguide  mode  and  the  mode  reflection 
measured.  The  array  impedance  is  then  obtained  through 
reciprocity  by  means  of  an  equivalent  circuit  for  the  element 
waveguide  interface.  One  scan  angle  is  simulated  for  each 
different  waveguide  mode  incident  and  a  separate  high  order 
mode  launcher  and  reflection  measuring  scheme  must  be  provi¬ 
ded  for  each  desired  angle. 


The  measurement  technique  described  here  circumvents 
the  problems  of  high  order  mode  launching  and  also  allows 
the  array  impedance  to  be  measured  at  a  number  of  scan  angles 
in  a  single  simulator.  Fundamentally  the  procedure  consists 
of  using  a  multi-element  simulator  with  the  simulator  wave¬ 
guide  terminated  in  a  matched  load.  By  determining  certain 
of  the  scattering  coefficients  between  the  simulator  elements, 
the  reflection  coefficient  which  would  occur  if  the  elements 
were  fed  in  such  a  way  as  to  .xcite  a  particular  high  order 
mode  can  be  calculated  by  superposition  in  a  digital  compu¬ 
ter.  Once  these  scattering  coefficients  have  been  determined, 
the  computer  can  be  used  to  "launch"  each  of  the  simulator 
waveguide  modes  separately  so  that  the  array  behavior  can  be 
determined  at  all  the  angles  within  the  range  of  modes  sup¬ 
ported  by  the  simulator* 


Figure  1  shows  a  multi-element  simulator  of  the  type 
ordinarily  used1  with  a  high  order  mode  launcher  in  the  rec¬ 
tangular  waveguide.  The  waveguide  has  a  width  a  and  a 
height  b.  The  simulator  contains  N  elements  with  element 
positions  given  by  x^,y.  »  i  *  1,2,..N  .  In  the  following 
it  will  be  assumed  the  elements  are  vertically  polarized  with 
similar  results  applicable  in  the  case  of  horizontal  polar¬ 
ization.  With  the  output  waveguide  terminated  in  a  matched 
load,  let  the  scattering  coefficients  between  the  k  th  sim¬ 
ulator  element  and  all  the  other  elements,  S^-  ,  j  «  1,2,..N, 
be  measured.  This  involves  N  -  1  transmission  coefficient 
measurements  between  the  k  th  element  and  each  of  the  other 
elements  and  one  reflection  coefficient  measurement  at  the  k 
th  element.  The  feedlines  of  the  elements  which  are  not  di¬ 
rectly  involved  in  the  measurements  must  of  course  be  term¬ 
inated  in  matched  loads.  The  resulcs  of  these  N  measurements 
can  then  be  used  to  compute  the  infinite  array  impedance  at 
N  scan  angles  in  the  following  way. 
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Figure  1.  A  general  simulator  consisting  of 
N  array  elements  radiating  into  a 
rectangular  waveguide. 
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the  infinite  array  reflection  coefficient  for  the  vii’-ic'us 
scan  angles  simulated  are  simply  the  eigenvalues  of  the  scat¬ 
tering  matrix  of  the  simulator  elements  and  the  a-  are  the 
eigenvectors.  1 


AN  H- PLANE  SIMULATOR 


The  first  attempt  in  applying  this  method  was  made  in  \ 
three  element  H-plane  simulator.  This  simple  case  for  which 
m  *  0  and  n  *  1,2,3  provides  an  excellent  illustration  of 
the  previous  concepts.  The  simulator  is  shown  in  Figure  2. 
The  radiating  elements  are  dumbell  shaped  striplinc  slots 
surrounded  by  mode  suppression  screws.  The  measurements  wcr< 
made  at  a  design  frequency  of  9.5  Ghz.  The  slot  spacing  was 
chosen  to  be  0.538A  and  the  waveguide  height  0.475A  •  The 
element  spacing  is  such  that  a  grating  lobe  enters  r§al  space 
at  a  scan  angle  of  60°.  The  waveguide  width  is  three  times 
the  element  spacing  so  that  from  (2)  it  is  seen  that  the 
simulator  can  simulate  the  infinite  array  r.t  the  three  H- 
plane  scan  angles  of  18°,  38°  and  68°.  The  grating  lobe 
radiation  is  also  simulated  at  the  68°  scan  angle  by  the 
TE3q  mode.  At  this  scan  angle  the  grating  lobe  and  main 
beam  make  the  same  angle  with  respect  to  broadside.  The 
three  eigenvector  excitations,  (a.,  a,,  a^),  which  corres¬ 
pond  to  the  three  scan  angles  simulated  can  be  obtained  from 
(1)  as 

(  §,  1,  \  )  (Vf,  0^  )  (  1,  -1,  1  ) 


and  these  are  easily  seen  to  be  the  excitations  required  to 
generate  the  TE.*,  TE20  and  TE,Q  modes  respectively.  With 
the  elements  nuffloered4  1,2  and'53  from  right  to  left  in  Fig¬ 
ure  2  and  the  waveguide  terminated  in  a  tapered  load,  the 
scattering  coefficients  for  the  number  1  element  were  mea¬ 
sured  with  a  network  analyzer  and  found  to  be 


SH  c  .  56/4  2°  S  «  .09/168°  5?,  =  .04/-36° 

The  input  reflection  coefficient  to  the  array  under  scan  was 
then  calculated  by  means  of  the  k  =  1  equation  in  (4)  for 
the  three  scan  angles  as  follows. 
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This  computation  is  carried  out  graphically  in  Figure  3  in 
order  to  illustrate  how  the  total  reflection  occurs.  It  is 
seen  from  this  Figure  that  in  this  representation  the  primary 
component  of  the  JT-  is  S..,  the  reflection  coefficient  of 
port  1  when  the  other  ports  are  matched.  This  component  of 
the  reflection  is  mainly  due  to  the  mutual  coupling  in  the  E- 
plane  between  the  simulator  slot  and  the  infinite  array  of 
slots  which  are  the  images  in  the  top  and  bottom  walls.  The 
slot  used  in  the  simulator  is  matched  and  has  no  reflection 
when  radiating  alone  on  a  ground  plane.  The  variation  of 
the  reflection  coefficient  with  scan  is  seen  to  be  associated 
with  the  cross  coupling  between  the  simulator  elements.  The 
input  impedance  to  the  infinite  array  at  the  three  scan  angles 
is  shown  on  the  Smith  chart  of  Figure  4.  The  impedance  is 
referred  to  the  terminal  plane  where  the  input  feedline  cros¬ 
ses  the  centerline  of  the  slot. 


THE  TWENTY-FIVE  r.  T  SIMULATOR 


With  the  apparent  success  of  the  three  element  simulator 
it  was  decided  to  proceed  with  a  25  element  simulator  in 
order  to  obtain  information  for  scan  plane  angles  greater 
than  xero.  The  simulator  elements  and  output  waveguide  can 
he  seen  in  Figure  5.  The  elements  are  slots  similar  to  those 
of  the  three  element  simulator  and  the  element  spacing  is 
identical.  Twenty-three  of  the  elements  are  terminated  in 
stripline  pill  terminations  which  are  shown  exposed  in  the 
Figure.  The  remaining  two  elements  are  provided  with  coax 
connectors  for  use  in  the  transmission  measurements.  The 
required  25  measurements  were  then  made  by  interchanging  elem¬ 
ent  positions.  Great  care  had  to  be  taken  to  adequately  elec¬ 
trically  seal  any  cracks  between  elements  in  order  to  obtain 
consistently  repeatable  results.  The  simulator  is  capable  of 
simulating  the  infinite  array  at  the  25  scan  angles  given 
below  along  with  the  corresponding  mode  numbers. 


a  *  0 

1 

2 

3 

4 

a  ■  1 

0  =  10.6® 

16.3 

27.4 

41.2 

59.6 

f  *  0.0° 

48.7 

66.3 

73.7 

77.6 

2 

21.7 

25.2 

34.1 

47.1 

66.9 

0.0 

29.7 

48.7 

59.7 

66.3 

3 

33.7 

36.4 

44.1 

57.2 

- 

0.0 

20.8 

37.2 

48.7 

56.7 

4 

44.7 

50.2 

58.3 

76.5 

- 

0.0 

15.9 

29.7 

40.5 

48.7 

5 

67.5 

71.4 

- 

- 

0.0 

t 

12.8 

24  .  5 

34.4 

42.4 
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The  five  missing  scan  angles  in  this  table  correspond  to  cut¬ 
off  modes  where  the  array  is  scanned  into  imaginary  space. 


With  such  a  large  number  of  waveguide  modes  the  problem 
of  constructing  an  adequate  absorbing  termination  for  the 
simulator  .waveguide  becomes  formidable.  To  overcome  this 
difficulty  a  sliding  partially  reflecting  termination  was 
constructed  of  flat  absorber  material.  The  termination  can 
be  seen  in  Figure  6  along  with  a  shorting  plate  which  was 
used  to  check  foT  ohmic  losses.  It  is  well  known1*  that  as 
the  sliding  termination  is  moved  toward  the  array  elements, 
the  small  reflection  from  this  imperfect  load  modifies  the 
input  reflection  coefficient  in  such  a  way  that  it  approxi¬ 
mately  describes  a  small  circle  about  its  true  value.  The 
center  of  the  circle  then  gives  the  reflection  coefficient 
for  a  perfectly  absorbing  termination.  The  rate  at  which 
the  re  lection  coefficient  goes  around  the  circle  for  a  given 
stovem.  of  the  load  is  determined  by  the  guide  wavelength 
of  th.  .jde  being  reflected  by  the  termination. 


The  25  required  scattering  coefficients  of  the  simulator 
were  measured  for  five  equally  spaced  load  positions  and  some 
concern  was  expressed  when  the  measurements  appeared  to  have 
a  purely  random  correlation  to  the  position  of  the  load. 
However,  after  the  computer  processing  of  equation  (4),  the 
randomness  vanished  in  a  rather  dramatic  fashion.  Figure  7 
shows  some  typical  computed  reflection  coefficient  loci  with 
the  load  positions  being  numbered  1  to  5  (position  5  being 
nearest  to  the  radiating  elements).  For  the  1,0  mode,  a  sim¬ 
ple  calculation  shows  that  moving  the  termination  from  posi¬ 
tion  1  to  position  2  should  correspond  to  a  movement  around 
the  small  circle  of  225°  while  for  the  2,4  mode  the  same 
movement  would  correspond  to  only  89°  since  that  mode  is 
nearer  to  cutoff  and  has  a  longer  wavelength.  From  the  loci 
of  Figure  7  it  is  seen  that  the  computer  did  indeed  launch 
the  1,0  and  the  2,4  mode  independently  of  one  another  demon¬ 
strating  the  validity  of  the  technique. 


Also  shown  in  Figure  7  is  the  locus  of  the  reflection 
coefficient  for  the  5,-1  mode  which  is  evanescent  in  the 
simulat  '  guide.  At  position  5  the  load  is  immersed  in  the 
reactive  fields  in  front  of  the  simulator  elements.  As  the 
load  is  moved  away  from  the  elements  it  absorbs  less  and 
less  energy  until  finally  the  reflection  coefficient  approa¬ 
ches  unity  magnitude  for  the  waveguide  which  is  cutoff. 


INTERPOLATION 


When  the  excitation  (1)  is  applied  to  the  elements  of  the 
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simulator,  they  radiate  as  if  they  were  in  an  infinite  array 
because  their  images  in  the  waveguide  walls  form  the  infinite 
array  environment.  If  a  general  excitation  of  the  form 


A.  *  sin  ux.  cos  vy.  (6) 

1  1  i  -  1,2,.  .N 

is  applied  to  the  simulator  elements,  their  images  can  also 
be  thought  of  as  forming  an  infinite  array.  The  infinite 
array  in  this  general  case  is  made  up  of  an  infinite  number 
of  identical  sub-arrays,  arranged  side  by  side  in  the  x-y 
plane.  The  basic  sub-array  extends  from  x  *  -a  to  x  *  +a 
and  y  *  -b  to  y  =  +b  with  elements  located  at  +x.,+y.  , 
i  *  1,2,..N.  The  excitation  of  these  elements  is  glven1by 
(6^ .  When  excitation  (6)  corresponds  to  one  of  the  eigen¬ 
value  excitations,  i.e.,  u  *  nir/a,  v  *=  mTt/b,  the  excitation 
from  sub-array  to  sub-array  is  continuous  and  the  homogeneous 
infinite  array  is  formed.  For  values  of  u  and  v  between 
these  points,  amplitude  discontinuities  exist  between  the  sub 
arrays  and  a  zoned  infinite  array  results.  If  the  simulator 
is  large  enough,  the  input  impedance  to  an  element  near  the 
center  of  the  sub-array  should  approximate  that  of  an  infi¬ 
nite  array.  This  is  particularly  true  when  u  and  v  are  near 
the  eigenvalue  points  since  at  these  points  the  amplitude 
discontinuities  disappear  entirely.  By  choosing 


u  =  kQsin0  cos <p  (7) 

v  =  kQsin0  sin<f)  (8) 


the  simulator  can  be  used  to  approximately  simulate  the  in¬ 
finite  array  at  the  general  scan  angles  0  and  <p  .  Because  the 
a.(n,m)  a^e  eigenvectors  of  the  scattering  matrix  of  the 
simulator  ,  the  general  excitation  (6)  can  be  expanded  in 
terms  of  them  as  follows. 


A 


k 


X  cnm 

n,m  k  =  1 ,  2  , .  .  N 


(9) 


where  the  expansion  coefficients  are  obtained  by  multiplying 
(9)  by  a^Cp.q)  and  summing  over  k.  The  orthogonality 
propertyKof  the  eigenvectors  then  gives 


"pq 


N 
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k  =  1 


A,  a, 
k  k 
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k=  1 


(10) 
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When  the  excitation  (9)  is  applied  to  the  simulator,  each 
eigenvector  is  reflected  with  a  reflection  coefficient 
so  that  the  ratio  of  reflected  to  incident  amplitude  at 
the  feedline  of  the  k  th  element  is  given  by 

ne,<ri  -  V  cn„,  ak(n,m)  rnm  (ill 


Equation  (11)  was  applied  to  the  corner  element  of  the  25 
element  simulator  which  gave  the  input  reflection  coefficien¬ 
ts  corresponding  to  one  of  the  center  elements  in  a  10  x  10  ° 
100  element  sub-array.  The  resulting  values  of  reflection 
coefficient  as  a  function  of  scan  angle  are  shown  for  scan 
planes  for  which  <p  »  0°,  48.7°,  66.3°  and  90°  in  Figures 
8  to  11.  The  first  three  scan  planes  contain  scan  angles  of 
the  eigenvalues  of  the  simulator  while  the  E-plane  scan  at 
90°  does  not. 


Figure  8  shows  the  reflection  coefficient  for  H-plane 
scan.  The  interpolation  formula  (11)  is  seen  to  give  a 
smooth  curve  passing  through  five  of  the  eigenvalues  which 
are  indicated  by  dots.  In  Figure  9  the  48.7°  scan  plane 
results  are  given.  This  curve  passes  through  three  of  the 
eigenvalues  and  a  ripple  is  now  observed  between  these  points. 
In  Figure  10  the  curves  for  the  66.3°  scan  plane  pass  through 
only  two  eigenvalues  and  considerable  fluctuations  are  evi¬ 
dent  between  the  points.  Finally  in  Figure  11  the  E-plane 
scan  curves  diverge  to  values  with  magnitude  greater  than 
unity  as  the  strong  mutual  coupling  between  sub-arrays 
reflects  more  energy  into  the  excited  element  than  was  inci¬ 
dent.  From  the  behavior  of  the  curves  it  appears  that  the 
sub-array  impedance  approximates  the  infinite  array  impedance 
fairly  well  for  scan  plane  angles  up  to  about  45°  with  de¬ 
creasing  accuracy  as  the  scan  plane  is  tilted  up  from  the 
H-plane . 
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ABSTRACT 


A  new  class  of  antenna  has  been  conceived  baaed  on  the  uae  of  a 
digital  processor  following  a  set  of  antenna  element!*.  Such  a  proces¬ 
sor  in  programmed  to  carry  out  estimation  and  decision-making  pro- 
c<p£  *res  as  dictated  by  decision  theory.  The  quality  of  the  estimate 
*.r  decision  depend*  on  the  quality  of  the  data  available  at  the  time  of 
decision.  These  data  are  continually  upgraded  V/  observations  which 
upi*t»*  tW  probability  distributions  fr»m  which  the  decisions  and 
estimates  are  made.  The  quality  criterion  for  optimum  multiple - 
target  directing- firming  lead*  to  "a  mutHmed*:.  mathematical  surface 
that  mu**  be  searched  rar  a  global  maximum'  fn  general,  If  N  sources 
are  to  be  detected,  an  N-di  »«n*ianal  search  t«  required.  One  of  the 
mtio?  efforts  in  ihis  appr*»«ci'  ha*  hee«  »  reduction  In  processing  com¬ 
plexity  and  time.  The  feasibility  of  the  processing  has  been  demon¬ 
strated  by  numerous  computer  simulations  in  which  the  actual  software 
to  be  used  ir  an  eventual  system  wa*  used  it  provide  a  realistic 
assessment  of  expected  peiiormance.  The  simulations  demonstrated 
the  Ability  to  accurately  locate  multiple,  closely  cpaced  sources. 


APR  >ACH 


An  ar.tcnna  can  usually  be  viewed  *k  a  eet  of  uubapertures  whose 
outputs  are  summed.  The  typical  antenna  is  a  RF  data  collector  followed 
by  a  simple.  RF  analog  computer,  in  the  form  of  a  vector  summer. 
Phased  or  electronically  scanned  arrays  employ  phase  shifters  that 
are  also  sir  pie  analog  computing  devices.  In  m^ny  cases,  following 
frequency  translation  or  video  c'etectian  of  the  signal*  the  analog  com¬ 
puter  could  b*  replaced  hy  a  digital  computer.  But,  more  signifi¬ 
cantly,  muc!i  more  sopnisticated  processing  is  possible  with  a  digital 
computer.  Such  processing  provides  improved  performance,  such 
as  multiple -target  resolution  well  within  the  conventional  Rayleigh 
limit.  Furthermore,  continuous  observations  of  the  whole  field  of 
view  are  possible  with  no  time  delav  between  looks. 

A  new  class  of  antennas  has  been  conceived  based  on  the  use  of 
a  digital  processor  following  a  set  of  antenna  elements.  The  digital 
processor  can  make  estimates  of  target  parameters  (range,  velocity, 
angle,  etc. )  and  decisions  (target  present  ov  absent,  target  or  clutter, 
etc.  L  To  accomplish  these  actions,  the  processor  is  programmed  to 
carry  out  estimation  and  decision-making  procedures  as  dictated  by 
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decision  theory.  The  quality  of  the  estimate  or  decision  depends  on 
the  quality  of  the  available  a  priori  data,  i.  e.  ,  the  data  available  at 
the  time  of  decision.  These  data  are  continually  upgraded  by  using 
observations  to  update  the  probability  distributions  from  which  the 
decisions  and  estimates  are  made.  Although  decision  theory  had  been 
applied  extensively  in  the  time  domain,  its  application  to  spatial  prob¬ 
lems,  or  more  generally,  to  space-time  problems,  had  not.  Several 
basic  assumptions  were  made.  The  choice  for  antenna  structure  was 
the  array  because  of  its  flexibility  and  large  number  of  degrees  of 
freedom.  Furthermore,  it  is  ideally  suited  for  parallel  processing. 
Parallel  data-gathering  and  processing  was  chosen  as  optimum  for 
decision-theoretic  systems. 

The  typical  antenna  processing  is  simple  and  analog,  with  the 
processing  usually  carried  out  at  RF.  It  is  clear  that  this  same 
processing  could  be  carried  out  at  lower  frequencies,  IF  or  video. 
Furthermore,  the  processing  could  be  carried  out  digitally  as  well 
as  by  analog  means.  It  was  decided  to  use  digital  processing  because 
of  its  flexibility,  speed,  capacity,  and  convenience  for  parallel  pro¬ 
cessing.  In  addition,  digital  processing  makes  simulation  very 
straightforward.  The  expected  analog  inputs  can  be  simulated  and  the 
actual  software  to  be  used  for  processing  employed  in  the  simulation. 
The  sole  purpose  of  the  associated  analog  electronics  is  then  to 
demodulate  the  element  (or  module)  outputs  to  a  form  acceptable  by 
the  computer.  The  computer  software  is  not  simply  a  digitizing  of 
conventional  analog  antenna  processing  techniques,  however.  Instead, 
it  is  an  optimized  program  that  yields  decisions  and  estimates  with 
low  risk  in  an  acceptable  amount  of  time.  Individual  processing  of 
each  antenna  element  or  module  provides  the  greatest  flexibility  in 
processing  and  pattern  control. 


PARALLEL-PROCESSING  ARRAY 


Parallel  processing  has  a  number  of  features:  (a)  It  can  reduce 
time  to  achieve  decision  or  estimate  to  tolerable  risk,  since  all  of  the 
field  of  view  is  continuously  observed,  (b)  It  does  not  suffer  from 
errors  due  to  time  scintillation  between  "looks.  "  (c)  It  is  essentially 
a  "track  while  search"  system,  since  it  congruously  interrogates  the 
v/hole  field  of  view,  while  at  the  same  time  it  provides  continuous 
parameter  estimates  of  the  targets  of  interest. 

The  typical  parallel-processing  system  consists  of  two  parts: 
an  analog  portion  which  transforms  each  element  (or  module)  output 
to  a  form  suitable  for  digital  inputs,  and  a  special-purpose  digital 
processor  which  transforms  these  inputs  to  least  risk  decisions  and 
estimates.  The  RF  analog  computing  of  the  usual  processing  array 
can  be  replaced  by  equivalent  digital  computer  processing.  It  has 
been  found,  however,  that  decision-theoretic  processing  can  provide 
much  better  performance  than  can  the  digital  equivalent  of  conventional 
processing.  Clever  algorithms  and  software  design  have  very  signifi¬ 
cantly  reduced  the  digital  complexity.  Current  developments  in  digital. 
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microwave,  and  IF  hardware  have  further  alleviated  this  problem  so 
that  all-parallel  processing  is  practical.  Hybrid  systems  may  also  be 
used  to  reduce  complexity.  Full  parallel  data-gather ing  requires  that 
the  transmitter  continuously  illuminate  the  field  of  view.  The  loss  of 
power  in  a  given  direction  that  results  is  compensated  for  by  the  fact 
that  the  reflector  in  that  direction  is  illuminated  for  a  longer  period  of 
time  so  that  the  returned  energy  is  the  same. 

The  typical  conventional  system  gathers  data  sequentially  (by 
scanning)  and  processes  the  data  sequentially.  The  processing  is  very 
simple,  often  amounting  to  only  summing,  and  is  usually  done  at  RF. 
Electronically  scanned  arrays  are  more  complicated  in  that  they  have 
phase  shifters  and  sometimes  attenuators  that  must  be  controlled 
and  driven  so  as  to  provide  a  time-varying  linear  phase  shift  and  con¬ 
stant  amplitude  shading  across  the  aperture.  The  parallel-processing 
system,  on  the  other  hand,  may  be  completely  parallel  and  employ 
a  digital  computer  for  processing.  The  basic  form  of  a  parallel¬ 
processing  direction-finding  system  is  shown  in  Figure  1. 


SPECIAL  PURPOSE  PROCESSOR 


Figure  1.  Basic  direction- finding  system 
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The  coherency  requirement  on  the  parallel  receiver  is  not  so 
severe  as  might  be  expected.  Fixed  errors  and  mismatch  in  both 
phase  and  amplitude  can  be  compensated  in  the  computer.  The  prin¬ 
cipal  requirement  is  good  tracking,  especially  in  phase,  over  the 
expected  input  and  temperature  ranges,  so  that  the  channels  remain 
matched  to  within  the  specified  tolerance  as  a  function  of  time  and  input 
level.  Beam-forming  may  or  may  not  occur  within  the  computer, 
depending  on  the  application.  The  output  is  a  set  of  angle  estimates. 


DECISION -THEORETIC  PROCESSING 


The  antenna  processing  that  is  implemented  in  a  digital  proces¬ 
sor  can  be  derived  from  a  decision-theoretic  formulation  of  the  prob¬ 
lem  of  multiple -target  direction-finding.  The  result  is  unconventional 
processing  that  typically  involves  a  multidimensional  search  for  a 
global  maximum.  The  outcome  of  this  processing  is  resolution  well 
beyond  the  Rayleigh  limits.  In  general,  if  the  location  of  N  sources 
is  to  be  estimated,  an  N-dimensional  search  is  required.  A  great 
deal  of  time  and  effort  has  gone  into  this  problem  to  reduce  conver¬ 
gence  time  and  processing  complexity.  It  has  been  found  that  simpler 
and  less  time-consuming  search  procedures  can  be  used  if  the  sources 
are  far  apart. 


APPLICATIONS 


The  basic  direction- finding  system  shown  in  Figure  1  is  the 
central  component  in  a  variety  of  possible  applications.  If  additional 
estimates  or  decisions  are  to  be  made,  this  capability  is  incorporated 
into  the  processor.  Because  of  the  analogy  between  multiple -beam 
processing  in  the  spatial  domain  and  multiple -doppler  filter  processing 
in  the  temporal  frequency  domain,  most  of  the  direction-finding 
techniques  can  be  carried  over  into  the  doppler  frequency  domain.  In 
addition,  learning  techniques  may  be  used;  these  will  be  discussed 
shortly.  In  principle,  the  general  system  in  Figure  1  is  also  suitable 
for  communications  systems.  In  addition  to  the  direction-finding 
system  (usually  needed,  especially  for  moving  systems),  there  must 
be  a  decoder  and  communications  output.  The  fundamental  problem 
is  bandwidth.  For  the  computer  to  handle  large  modulation  band- 
widths,  the  A/D  and  computer  cycling  time  must  be  very  short.  State- 
of-the-art  computers  now  have  cycling  times  on  the  order  of  10  ns 
(100-MHz  bandwidth!.  If  larger  bandwidths  are  to  be  sampled,  com¬ 
puters  may  be  paralleled  in  frequency  (i.e.  ,  they  may  sample  adja¬ 
cent  bands). 

The  basic  direction-finding  system  can  be  supplemented  or 
modified  so  that  a  digital  computer  plus  auxiliary  sensors  and  elec¬ 
tronics  carries  out  all  necessary  operations.  In  addition  to  those 
discussed,  navigation,  mapping,  telemetering  and  many  other  appli¬ 
cations  exist  for  decision-theoretic  systems.  For  example,  essentially 
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all  aircraft  operations  could  be  performed  by  a  single  digital  computer 
so  equipped  and  programmed.  An  interesting  application  is  in  non- 
planar  or  conformal  arrays.  Many  of  the  problems  associated  with 
such  arrays  are  resolved  because  of  individual  processing  of  each 
element  output  and  the  fact  that  no  scanning  is  required. 


THE  ULTIMATE  RADAR  SYSTEM 


Up  tn  this  point  receiver  processing  has  been  considered,  and 
angular  location  estimation  or  direction-finding  has  been  emphasized. 
These  concepts  can  be  generalized  to  multiple  parameter  estimation 
and  multiple  hypothesis  testing  (decision  and  identification).  The 
transmitter  as  well  as  the  receiver  is  controlled  by  probability  feed¬ 
back  in  which  adaptive  learning  is  employed. 


The  general  space-time  learning  system  is  shown  in  Figure  2. 
Only  four  channels  of  the  system  are  shown  for  convenience.  Each 
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module  is  an  antenna  array,  which  can  be  one  or  more  elements.  Each 
module  is  connected  through  a  transmitter/receiver  unit  and  a  conven¬ 
tional  receiver  with  quadrature  demodulators  down  to  an  analog-to- 
digital  converter.  There  are  eight  parallel  channels  in  the  system 
because  of  the  quadrature  outputs. 

The  A/D  outputs  are  fed  to  the  digital  computer  which  carries 
out  decision-theoretic  processing  such  as  estimation,  decision¬ 
making,  etc.  This  information  can  be  displayed  or  used  for  automatic 
weapon  firing  or  for  whatever  purpose  desired.  In  addition  to  the 
display,  there  is  internal  feedback,  to  be  described  in  Figure  3,  that 
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Figure  3.  Digital  computer  processor  for  receiver 


updates  or  upgrades  the  probability  distributions  from  which  the  deci¬ 
sions  and  estimates  are  made.  This  probability  feedback  is  adaptive 
to  the  environment  and  corrects  errors  in  the  initial  assumptions  that 
were  used  in  making  the  a  priori  probability  distributions,  The  revised 
probability  distributions  are  fed  back  to  the  transmitter.  For  example, 
suppose  that  the  probability  distribution  in  target  location  x  is  available 
in  the  computer.  This  distribution  can  then  be  icd  back  to  the  beam  syn¬ 
thesis  network  for  the  transmitter.  The  master  oscillator  and  modulator 
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provide  the  transmitted  signal.  This  beam- synthesis  network  then 
modifies  the  antenna  array  transmission  pattern  to  conform  with  the 
probability  distribution  in  x.  Indeed,  the  transmitting  pattern  could 
have  the  same  shape  as  the  distribution  in  x.  In  any  case,  it  should 
be  related  to  it  in  such  a  way  that  the  major  portion  of  the  transmitted 
energy  is  concentrated  in  the  region  indicated  to  be  most  likely  by  the 
probability  distribution  in  target  location.  The  feedback  is  a  continu¬ 
ously  adaptive  process  that  gradually  changes  the  transmitting  pattern 
from  a  broad  uniform  type  of  coverage,  such  as  used  in  search.,  to  a 
narrow  peaked  type  of  coverage  such  as  in  track. 

The  internal  feedback  is  shown  in  Figure  3,  which  is  a  diagram 
of  the  digital  computer  processor  for  the  receiver.  This  figure  shows 
the  major  operations  that  occur  within  the  computer.  The  inputs  are 
from  the  A/D  converter,  and  generally  there  is  some  sort  of  weighted 
averaging  or  spatial  filtering  such  as  multiple -beam  forming.  The 
various  frequencies  in  the  input  are  then  isolated  by  digital  filters, 
which  form  the  temporal  filtering  section.  Thi9  filtering  is  followed 
by  nonlinear  operations  such  as  target  location  estimation  and  linear 
operations  such  as  weighted  summing  for  estimation  of  parameters, 
for  example,  the  quadrature  component  parameters.  The  estimation 
and  decision  operations  then  yield  decisions  including  resolution  and 
discrimination  against  clutter  (e.  g.  ,  target  identification)  and  various 
estimates  necessary  for  reference  control  or  other  uses.  These 
estimates  principally  target(s)  position  in  three  coordinates  and  pos¬ 
sibly  rates  in  those  coordinates. 

The  estimates  and  decisions  are  also  used  for  probability  distri¬ 
bution  updating.  These  estimates  are  combined  in  a  weighted  fashion 
to  form  a  sampling  of  parameters,  and  this  random  variable,  whose 
distribution  is  computed  from  observations,  is  added  in  a  properly 
weighted  fashion  to  the  a  priori  random  variable  that  has  an  assumed 
distribution.  As  a  function  of  time,  the  weighting  for  the  observed 
probability  distribution  increases  compared  with  the  weighting  for  the 
—  Pr*ori  distribution.  In  other  words,  as  the  statistical  significance 
of  the  observed  data  increases,  the  weighting  for  that  term  becomes 
greater  and  the  weighting  for  the  a  priori  assumed  distribution  becomes 
less.  Thus,  both  the  estimated  paVamete r s  and  the  stored  a  priori 
parameters  are  used  in  the  probability  distribution  updating  procedure. 
The  probability  distribution  updating  is  then  fed  to  the  computer 
(receiver  parametric  control)  to  update  the  distribution  from  which 
these  decisions  and  estimates  are  made.  At  the  same  time,  the  prob¬ 
ability  distribution  resulting  can  be  fed  to  the  transmitter  as  described 
in  Figure  2.  This  technique  is  called  probability-state-vector  feed¬ 
back  but  differs  from  ordinary  feedback  systems  in  that  the  state- 
vector  is  not  operated  on  to  yield  the  control  vector  directly,  but 
rather  is  used  to  generate  probability  distributions  and  affect  the 
transmitting  pattern  waveform  in  such  a  way  that  the  system  perfor¬ 
mance  is  greatly  improved. 
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COMPUTER  SIMULATIONS 


Numerous  computer  simulations  have  tested  the  computer 
processing  and  algorithms.  These  simulations  show  the  direction¬ 
finding  system  to  be  superior  to  conventional  systems  in  practically 
all  respects.  As  an  example,  consider  the  results  in  Figure  4.  This 
figure  is  a  plot  of  rms  error  in  location  versus  separation  of  unequal 
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Figure  4.  Two-target  direction  finding 


sources.  The  rms  error  for  both  targets  remains  at  approximately 
0.  1  beamwidth  essentially  independent  of  their  operation,  while  the 
rms  error  in  the  conventional  system  increases  markedly  for  opera¬ 
tions  less  than  two  beamwidths.  In  fact,  at  one  beamwidth  separation, 
the  error  for  one  target  "goes  to  inanity";  that  is,  the  system  no 
longer  recognizes  that  there  are  u'o  targets  and  instead  estimates  the 
centroid  of  the  two  targets  as  if  it  were  one  target,  This  figure  implies 
that  the  resolution  capability  of  the  conventional  system  is  one  beam- 
width  whereas  it  is  much  less  for  a  decision-theoretic  system. 

Typical  design  objectives  for  the  decision-theoretic  system  at  high 
SNR  are  resolution  of  1/10  beamwidth  with  angular  estimation  accu¬ 
racies  of  1/20  beamwidth. 

Figure  5  shows  the  accuracy  of  direction  estimates  for  three 
very  closely-spaced  targets  at  high  SNR.  A  beamwidth  for  the  scale 
shown  is  d/\  sine  6-0.  25.  The  targets  are  mutually  separated  by 
0.  1  beamwidth.  As  can  be  seen,  the  estimates  are  extremely  good, 
particularly  when  averaged  over  several  data  sets. 


NO.  Of  DATA  SETS  COLLECTED 


Figure  5.  Three-target  direction 
finding  (8  element  array) 


CONCLUSIONS 


The  direction-finding  system  can  be  used  as  a  fundamental 
building  block  in  the  development  of  systems  of  various  applications. 
The  system  can  be  used  as  a  radar  or  communications  systems  and 
for  various  other  applications.  The  array  need  not  be  planar.  The 
estimation  accuracy  and  resolution  capacity  are  high  and  can  be 
continually  upgraded  by  space-time  learning. 
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I.  Introduction 


Chebyshev  polynomials  are  often  used  to  design  arrays  for 
optimum  patterns.  The  Dolph-Chebyshev  pattern  is  optimum  in  the 
sense  that  for  a  given  sidelobe  level  the  beamwidth  is  minimum,  or 
conversely,  for  a  given  beamwidth  the  sidelobe  level  is  minimum. 
The  sidelobes  of  this  pattern  are  all  equal.  Although  the  Dolph- 
Chebyshev  pattern  is,  in  this  way,  mathematically  unique,  its  side¬ 
lobe  behavior  is  not  flexible  enough  for  a  number  of  applications. 

For  example,  when  using  directive  elements  the  far-out  sidelobes 
of  the  array  pattern  need  not  be  equal  to  the  near-in  ones.  Also, 
in  order  to  minimize  the  external  antenna  noise  effect  for  the  case 
of  non-uniform  temperature  distribution,  the  sidelobes  of  the  array 
pattern  should  be  such  as  to  optimize  the  signal-to-noise  ratio.  * 
Therefore,  it  is  useful  to  provide  a  synthesis  procedure  which  can 
give  a  more  flexible  sidelobe  behavior  and  still  is  optimum  in  the 
Dolph-Chebyshev  sense.  Such  a  technique  is  discussed  in  this  paper. 

II.  Optimum  Polynomials 

A  class  of  optimum  polynomials  which  includes  the  Chebyshev 
polynomials  as  a  subclass  and  is  suitable  for  array  synthesis  will  be 
given.  For  our  purpose,  the  pattern  of  an  array  is  considered  to  be 
optimum  if  for  a  given  peak  sidelobe  level  the  beamwidth  is  mini¬ 
mum,  or  conversely,  for  a  given  beamwidth  the  peak  sidelobe  level 
i 8  minimum.  The  problem  so  stated  does  not  have  a  unique  solution 
as  the  peak  sidelobe  can  occur  anywhere  outside  the  main  beam  and 
in  the  visible  range.  It  becomes  well  defined  when  the  sidelobe 
envelope  is  specified  to  within  an  arbitrary  constant.  For  the  Dolph- 
Chebyshev  patterns,  the  sidelobe  envelope  is  always  a  constant  line. 
Figure  1  shows  an  example  of  a  general  optimum  polynomial. 

Let  Pn(z)  be  the  array  polynomial  and  Qm(z)  the  sidelobe 
envelope,  where  n  >  >  m.  The  array  polynomials  Pn(z)  which  have 
all  the  following  properties  will  be  denoted  as  Pj^  m(z): 

(i)  All  zeros  of  Pn(z)  are  real,  distinct  ana  in  a  finite 
interval  (a,  b). 

(ii)  All  zeros  of  Pn(z)  +  Qm(z)  and  Pn(z)  -  Qm(z)  in  (a,  b) 
are  of  multiplicity  2. 

2  2 

[P  (z)  -  Q^(z)j  has,  in  addition  to  (n-1)  double  zeros, 
two  single  zeros  at  a  and  b. 


(iii) 


There  exists  an  algebraic  procedure  for  characterizing  these  poly¬ 
nomials  and  the  procedure  is  outlined  in  the  Appendix. 

III.  Special  Types  of  Optimum  Polynomials 

The  algebraic  procedure  outlined  in  the  Appendix  can  be  used 
to  determine  various  types  of  optimum  polynomials.  In  particular, 
if  we  let  (a,  b)  =  ( - 1,  1 )  it  can  be  shown  that  when  Q(z)  =  e,  P,^  Q(z) 
reduces  to  the  Chebyshev  polynomials,  i.  e. 

P  (z)  =  e  cos  (n  cos  * z)  =  e  T  (z)  (1) 

n,  o  n 

The  normalization  constant  can  be  determined  n-  be 

e  =  (l/2)n_1  (2) 


When  the  envelope  Q(z)  =  e  z  +  e.,  it  is  found  that  the  normal- 

o  1 

ization  constant  should  be 


*  n  — 1 

1  %  ,,  „n-2  2 

— )  (1  +  4  e  ) 

2  O 


(3) 


Therefore,  it  is  convenient  to  let  c  =  2° 1  2e  and  write 

o 

1  n  ”  * 

Q(z)  =  ( —  )  (2cz  +  1  +  c2) 


(4) 


The  corresponding  optimum  polynomial  is  then  given  by 


1  n_1 

— )  [T  (z)  +  Zc  T 

2  n  n 


(z) +  c  T  (z)]  (5) 

■  i  n-c 


The  procedure  can  be  applied  to  cases  of  higher  degree  enve¬ 
lope  polynomials.  However,  for  the  present  study,  it  is  sufficient 
to  give  the  following  special  results: 

III.  1  If  Q(z)  is  antisymmetric  about  z  -  0,  we  then  have 


P  (z)  =  z  P  .  (z) 

n,  m  n- 1,  m-  1 


(6) 


li-3 


If  all  zeros  o£  Q  (z)  am  .'oil  a*»d  in  (-],  1)  i.  e.  when 


C  (zi-  e  || .  .  \  -1  <  z  <z  <  . .  .  <z  <  1,  (7) 

n<  oil  t  12  m 


P  -  Q  [j.,  :  (z) 

rh  TTt  rr  n-m 


III.  3  »n  partic  lia  c,  \  berv  Qm: 


m  . 

;;  then 


P  -  t  1 

r..  n :  t*  :  rr. 


Tht-  t'jLynosv.'ljJ**  defined  o y  eq  -.Mi  ’'.  '  •  tan  be  identified 

partc.T.i  with  n'.oji-'tc.niwiili;,  dr  or  .r.g  sidelcbes. 

I  \  Array  Applies  :i  >ti 

The  polynomials  '‘-scribed  in  /I  and  11/  c.\r  W  used  to  generate 
a.-.'ai  pattern-*  in  the  following  minner.  'The  polynomials  P  (z) 
is  •-sen  with  a  2rr*  i  element  array  auc  the  tr »us  formation  ”*  m 

-  a  cor  ;  •»  b  (10) 

where  c  •*-  kd  air  is  card  to  relit*;  va liable  z  for  the  poly¬ 
nomial  ami  th<  >-ariabl«;  J  of  the  array  pattern.  Figure  2  shows  the 
ah  eve  i  ran6  f  or  rnetjoj;  o  r  aphurally. 

(  or  spacing  d  >.,  2,  DoHaine'^  has  shown  that 
I  ,  1 

a  -  T*!z  ♦  i),  o  :•  -  ]•  (11) 

Z  c  2  c, 

h‘'fr  -'v,  ;  *. (0  -  0-  -  &  +  fc  is  determined  either  by  :he  sidelc/oe  level 
by  the  bezi»nwi«;th  of  th«  a, 


As  atuil,  t;  -**t  of  current  coeff u  .<  in,"  (I  i  i.anbe  obtained 
•  t  ioentifyinn  inn  pci /norm? I  V  n  » /.  f  with  il.c  array  pattern 


The  directivity  of  array  patterns  can  be  expressed  directly 
in  terms  of  the  polynomial  P(z).  In  general,  we  have 


=  kd  P 


a  cos  kd+H 


P(z)  dz 

'(z  -z)(l+z) 
o 


If  the  spacing  is  half  wavelength,  then 


D  =  rrPfz  )/( 
o  J 


P(z) dz 

/( z  -z)(l+z) 
'  o 


V.  Patterns  With  Monotonically  Increasing  Sidelobes 

The  optimum  polynomials  j(z),  given  by  the  expression 
(5)  in  III,  can  be  used  to  obtain  array  patterns  with  monotonically 
increasing  sidelobes.  For  this  purpose,  we  let  c  be  a  negative 
number.  The  amplitude  of  the  number  c  should  be  selected  so  as  to 
get  the  desired  slope  of  the  sidelobe  envelope.  Once  this  is  done, 
the  array  design  can  then  be  carried  out  according  to  the  procedure 
outlined  in  IV. 

The  class  of  optimum  polynomials  P,^  j(z)  leads  to  patterns 
with  linear  sidelobe  envelopes.  More  general  optimum  polynomial 
P  „_(z)  can  be  derived  for  patterns  with  non-linear  sidelobe 

U)  XTi 

envelopes. 


VI.  Patterns  With  Monotonically  Decreasing  Sidelobes 

The  class  of  optimum  polynomials,  given  by  the  expression 
(9)  in  III 


P  (z)  -  e  z  T  (z) 
n.  m  o  n-m 


can  be  used  to  obtain  array  patterns  with  monotonically  decreasing 
sidelobes.  Some  numerical  computations  were  performed  for  small 
arrays  (n  £  8).  Array  properties  are  evaluated.  These  include  the 
sidelobe  level,  the  beamwidth,  the  current  coefficients  and  the 
directivity.  In  addition,  asymptotic  beamwidth  expressions  together 
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with  an  expression  relating  the  beamwidth,  the  sidelobe  level  and 
the  effective  aperture  length  are  derived  for  large  arrays. 

VII.  Summary 

A  class  of  optimum  polynomials  which  includes  the  Chebyshev 
polynomials  as  a  subclass  is  defined.  These  polynomials  are  useful 
for  array  synthesis.  In  particular,  the  synthesis  technique  can  give 
a  more  flexible  sidelobe  behavior  than  that  obtainable  with  the 
Chebyshev  polynomials.  The  application  of  these  polynomials  for 
the  array  design  has  been  discussed. 
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APPENDIX  A 


ALGEBRAIC  CHARACTERIZATION  OF 
OPTIMUM  POLYNOMIALS 


Let 

„  ,  ,  n  n-1 

P  (z)  =  z  +  a,  z  +  . . . . 
n  1 

,  ,  m  m-1 

Q  (z)  =  e  2  +e  z  + 
m  o  1 


+  a 

(Al) 

n 

.  .+e 

(A2) 

m 


where  the  coefficients  of  the  envelope  polynomial  Qm(z)  are  assumed 
to  be  given,  except  for  the  constant  em.  For  the  even  case,  we  thus 
have 


n-1  n- n  2 

P  (z)  -  Q  (z)  =  (z-a)  (z-b)  (z  +  b,  z  b  )  (A3) 

2n  m  1  n-1 

i 

P  (z)  +  Q  (z)  -  (zn  +  c,  zn  +  .  .  .  -1  c  )  (A4) 

2n  m  1  n 

which  give  2n  algebraic  equations  relating  2n  unknowns  =  b|,  b£,  .  .  . 
bn_i,  cj,  C2,  •  .  .  cn,  em.  The  coefficients  of  the  optimum  polynomial 
P2n>  m^z^  are  determined  by 


i  i-1  i-2 

=  Z  n  b.b.  ,-(a+b)5Z.  -  b.b  „  .  ,+  abZ  . 

^i=0  i  £-i  ^i=0  l  ^-l-i  *i=0b  b  ,+  e 

i  z-2-i  i - 2 n+  m 


i 

=  Z  C  c  -  e  .  . 

i=  0  i  i- i  i-2n  +  m 


(A5) 


i=  1,  2, 


2n. 


Similarly,  for  the  odd  case,  we  have 

n  n  1  2 

P_  _ (z)  -  Q  (z)  =  (z-b)  (z  +  b,  z  +  .  .  .  .  +b  ) 
2n+l  m  1  n 


(A6) 


n  n  i  * 

P _  ,,(z)+Q  (z)  =  (z-a)  (z  +  cz  +  .  .  . . +c  ) 

2n+l  m  1  n 


(A7) 
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which  give  2n+l  algebraic  equations  relating  2n+l  unknowns: 
bj,  b^t  •  •  •  bn,  cj,  C2»  . .  .  cm  em.  The  coefficients  of  the  optimum 
polynomial  P^n+lj  m^z)  are  determined  by 

2  4-1 

a  .  =  52-  _  b.b  ,-b  53-  «  b.b,  .  ,  +  e  .  _ 

Ji  ^i-0  1  2-i  ^i=0  r  l- l-l  £-2n+m 


=  S1=0  Vf-i  •  *  Vw-l  -  '(■!»„ 

2  =  1,  2,  ... .  2n+l 

In  equations  (A5)  and  (A8),  it  is  assumed  that  aQ  =  b0  =  c0  =  1  and 
bi;  =  c 2  =  e2  =  0  where  2  <  0. 

To  show  that  the  above  formulation  gives  the  Chebyshev  poly¬ 
nomial  as  a  special  case,  we  let  all  coefficients  of  the  envelope, 
except  em  =  e,  be  zero.  Then  equations  (A5)  and  (A8)  can  be  sum¬ 
marized  as 


2  2  2 
P  (z)  -  e  =  (z-a)  <z-b)  Y'  .  (z  -  z.) 
n  1  l 


~  P  (z)  =  n22-  .  (z  -  z.) 

dz  n  ** — '  i=  1  i 


(A10) 


The  above  two  equations  can  be  combined  to  give  the  following  dif¬ 
ferential  equation 


~~  P  (z)  =  ±  n*/[p2(z)  -  e2]/'(z-a)(z-b) 
dz  n  *  n 


with  the  initial  condition 


P  (b)  ^  e, 
n 

the  solution  of  the  differential  equation  (A  10)  is 

„  ,  ,  r  -1  2z-(a+b)  , 

P  (z)  =  e  cos  |n  cos  ■  *  * 

n  1  b-a 


(A10) 


which  is  a  shifted  Chebyshev  polynomial.  The  following  special 
cases  are  readily  obtained. 
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(A12) 


r 


(i)  (a,  b)  =  (-1,  1),  P  (z) 

n 

Ui)  (a,  b)  =  (0,  1),  P  (z) 

n 


e  cos(n  cos  z)  =  eT  (z) 

n 


e  cos  (n  cos 


1 


(2z-  1)1  =  eT  (2z -  1 ) 
n 


(A13) 
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BACKGROUND 


The  antenna  requirements  for  radar,  communications,  aircraft  control  and 
intelligence  data  have  placed  severe  burdens  on  space  available  on  ships,  air¬ 
craft  and  spacecraft.  The  packing  of  many  antennas  into  the  limited  space  has 
created  an  additional  problem,  and  has  led  to  the  use  of  one  antenna  to  perform 
several  functions.  An  obvious  requirement  under  such  an  arrangement  is  the 
ability  to  rapidly  position  the  antenna  beam  to  various  points  in  space. 

Important  objectives  of  the  effort  to  develop  shipborne  radar  systems  to 
satisfy  military  needs  have  been  broad-spectrum  signals,  losv-sidelobe  antennas, 
and  bearing  agility.  Previous  studies  have  shown  that  the  circular-array 
type  of  antenna  is  effective  in  meeting  these  objectives.  (See  list  of  references, 
p.  31.)  The  use  of  a  linear  array  as  an  element  of  a  cylindrical  array  has  been  a 
natural  outcome  of  the  wide-spectrum  ring-array  development.  This  report  presents 
the  results  of  an  investigation  into  the  elevation-  and  azimuth-scanning  properties 
of  such  a  configuration,  and  into  techniques  for  array  beam  steering. 


APPROACH 


One  method  of  controlling  the  antenna  (that  is,  steering  the  pencil  beam) 
is  by  means  of  a  small  digital  control  computer.  The  control  system  is  designed 
to  use  commercially  available  integrated  circuit  devices  except  for  the  phasor 
drivers  and  test  circuits.  Logic  or  control  devices  to  satisfy  these  requirements 
were  not  available  commercially;  therefore,  design  details  of  the  driver  and  test 
circuit  are  presented. 

The  analysis  of  the  cylindrical  array  is  greatly  simplified  by  assuming  a 
separable-aperture  distribution  and  considering  the  array  as  a  combination  of  ring 
and  linear  arrays.  Certain  assumptions  have  been  made,  and  short  descriptions 
of  some  of  the  analytical  techniques  are  given. 


ANALYSIS  OF  CYLINDRICAL  ARRAY* 


C2NERAL 

The  cylindrical  array  can  be  considered  to  consist  of  a  stack  of  identical 
ring  arrays.*  We  denote  the  complex  excitation  of  the  pth  element  in  the  <jth  ring 
by  !pq  ~  1  (V  *<,>■  where  aP  is  the  angular  location  of  the  pth  and  zq  is  the  z-axis 


Excerpt  from  reference  A . 


location  of  the  gth  ring.  The  coordinate  system  is  shown  in  figure  14-1.  The  beam 
is  assumed  to  be  pointed  in  the  9=  0  direction  in  azimuth,  corresponding  to  the 
a  =  0  reference  point  of  the  element  location.  The  beam  is  stepped  around  the 
cylinder  by  redefining  the  a  =  0  reference  to  the  desired  position. 

All  elements  are  assumed  identical,  symmetrical,  equally  spaced,  and 
pointed  along  the  radius  vector.  Thus,  the  azimuth  element  pattern  can  be  ex¬ 
pressed  as  a  function  of  |<p-a  |.  In  general,  the  azimuth  pattern  depends  on  the 
elevation  angle  0.  The  complex  element  pattern  is  denoted  by  G($-a  ,  9),  with 
the  phase  referenced  to  the  center  of  the  ring  in  which  it  lies.  Thus,  if  it  is 
assumed  that  the  phase  center  is  at  the  element, 

G(qi-a,0)  =  IG(f-a  ,0>l  exp(  jk  p  eos0  cos(ip-a))  (1) 


The  far  field  is 


£($,0)  =  2  1  l pq  G(<p-ap,0)  expljqu) 


(2) 


where 

u  -  kd  sin  0 

d  =  spacing  between  elements  in  vertical  direction 
k  =  2nA 

A  beam  can  be  formed  in  the  direction  q>r  0,  0-0o  by  exciting  all  elements 
to  add  in  phase  in  that  direction  (beam  cophasal  excitation).  Thus,  in  view  of  (1) 
and  (2)  we  requi 

Ipq  =  I Ipq<  exp  l-jkpcos  0O  cos  op-  jquj 
where  u„  =  kd  sin  0„. 

In  (3)  the  phase  terms  are  separated  in  op  and  2^,  wnere  zq~  qd.  This 
allows  us  to  assume  a  current  distribution  of  the  form 

/<vV=  /(0’‘<y  ,<e,(V  =  Va,Ve> 

with 

/plHl  =  ip<u)  exp|-;7;p  cos  0O  cos  opl 
and 

lqie)  =  Jqo)\  exp  !-;qUol 

The  superscripts  (a)  and  (e)  indicate  azimuth  and  elevation  distributions, 
respectively.  Note  that  the  azimuth  distribution  depends  on  the  beam-pointing 
angle  in  both  azimuth  and  elevation,  whereas  /y<el  depends  only  on  0„.  Writing 
the  current  distribution  in  the  form  (4a)  allows  us  to  write  the  pattern  (2)  in 
the  form 


(3) 


(4a) 

(4b) 

(4c) 


14-2 


The  continuous  distribution  can  be  •eplaeed  by  M  elements  located  at 
ap=^W>  r=  0,1,2 . M-l 

where  f  is  a  fraction  that  indicates  the  position  of  the  beam  with  respect  to  the 
first  element.  It  can  be  shown*  that 

Etffl,0)=M  1  —  ,n<6o>  cos  £  FrW.n  (0)  cos  ((r,M-n)i|>-2nr/')  1 

„=0  "  f=1 

2tTp 

(6)  is  the  desired  pattern  plus  an  error  term.  For  spacing  s  =  -rp  of  less  than 
a  half  wavelength,  only  the  r  =  0  term  is  significant.  For  spacing  less  than  one 
wavelength,  only  r  =  0  and  r=  1  contribute,  and  so  forth.  The  error  term’s  primary 
contribution  to  the  pattern  is  in  the  form  of  a  grating  lobe. 


STAGGERED  ARRAY* 


Staggering  alternate  columns  of  elements  on  the  cylinder  is  an  effective 
means  of  extending  the  elevation-scanning  angle  for  a  given  ring-to-ring  spacing 
d  and  maintaining  a  small  grating  lobe* 

Consider  the  staggered  array  as  a  superposition  of  two  regular  arrays, 
caeh  with  the  normal  number  of  rings  Q  but  only  half  the  number  of  elements  in 
each  ring  The  suharrnys  are  identical  except  one  is  rotated  by  hall  a  spacing 
in  azimuth  and  is  raised  by  hulf  a  spacing  in  the  vertical  direction,  with  the  phase 
compensating  for  the  dislocation.  The  ring-array  patterns  for  the  subarrays  can  1h‘ 
written  as  follows,  from  Ktj): 

Array  1  -  The  beam  in  the  direction  of  the  first  element:  that  is,  f-  0. 


El  =  f< 6)  l/,/6"'  F  ( 9)  cos  «<p - / (©>  il  lnie«>  F„  (6)  cos 


1~" 


I 

is  I  —  • 
> 


n  l  <p 


+  /'<©»  i  cos  <M  -n)  9 


The  r  =  2  term,  which  ordinarily  would  not  contribute  (for  s  s?i>  is  included, 
because  the  spacing  is  now  double  the  normal  spacing. 


Array  II  —  The  beam  is  in  a  direction  halfway  between  two  elements;  that  is,  /  =  0.5. 


Kxcorpt  from  roferonc©  4 


E,I-  f{&)  “  'm'00’  **,,«»  cos  n*-M>  £  /n!6°'Fi(  (8)C08(y-n)» 


+  /(6>  £  /„  °  FM_n  cos  (M -n)  9 


If  the  array  were  not  staggered,  each  ring  would  have  M  elements  and  a  pattern 
Eta>  '(p,0)  =  f(Q)  S  ln  0  Fn  (6 )  cos  ny+f(Q)  £  /n  6<l)  FM_n  (6)  cos  (Mwi)  9 


RELATED  STUDIES 

Two  studies  have  been  made  of  factors  which  have  direct  influence  on  the 
complexity  of  the  control  system  -  that  is,  the  amount  of  data  to  be  stored  and 
transferred  for  each  beam  and  the  time  required  for  the  data  transfer.  One  study* 
addressed  the  effect  of  bit  phase  errors  on  array  performance.  The  other  study 
investigated  the  short  pulse  behavior  of  the  urrav. 

The  results  of  the  bit  Dhasc  error  study  led  to  the  selection  of  3-bit  phase 
shifters  as  an  optimum  choice  w  ith  respect  to  array  performance,  complexity  and 
cost.  For  example,  the  type  of  phasors  used  affects  the  costs,  since  4-bit  phasors 
require  ten  diodes,  3-bit  phasors  require  eight  diodes,  und  2-bit  phasors  require 
six  diodes.  Furthermore,  the  cost  of  the  control  system  is  dependent  on  the  num¬ 
ber  of  bits  that  must  be  controlled.  Closely  related  to  cost  is  complexity,  with 
resulting  overall  reliability  decreasing  as  the  number  of  phase  bits  is  increased. 
The  study  concluded  that  2-bit  phasors  would  lead  to  unacceptably  high  side  loins 
and  possible  distorted  beams.  It  was  determined  that  the  use  of  3-bit  rather  than 
4-bit  phasors  could  result  in  only  a  slight  decrease  in  irerformanee. 

The  short  pulse  behavior  study  was  made  to  determine  the  behavior  of  the 
cylindrical  array  antenna  for  short  pulse  experiments.  In  the  usual  operation  of  a 
phased  array  steered  by  phase  shifters,  all  phase  shift  increments  are  less  than 
360  degrees,  and  the  transit  time  of  the  energy  through  the  array  varies  due  to  the 
omission  of  wuvclcngth  multiples;  this  omission  of  delays  produces  pulse  dis¬ 
tortion  with  resulting  system  degradation.  As  a  result  of  this  study  and  considera¬ 
tion  of  i>owor  handling  capability  of  the  time  delay  units,  the  aperture  is  being 
divided  into  12  subarrays  -  six  for  elevation  scanning  divided  into  two  subarrays 
for  azimuth  scanning. 


OPERATING  CHARACTERISTICS  OF  CYLINDRICAL  ARRAY 

The  antennn  was  designed  to  operate  over  the  frequency  range  of  2.9  to 
3.5  GHz.  The  array  will  be  steered  by  phase  in  both  elevation  and  azimuth.  In 
normal  operation  of  the  cylindrical  array  phase  steering  is  used  in  elevation  only, 
and  azimuth  scanning  is  accomplished  by  commutation  of  the  excitation  distribution. 
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However,  in  the  system  to  be  described,  only  n  GO  degree  urc  of  the  cylinder  is 
implemented;  hence  azimuth  scanning  can  be  accomplished  by  phasing,  as  in  the 
planar  array,  with  no  commutation  of  the  amplitude  distribution. 

The  antenna  consists  of  1344  active  elements  arranged  in  42  columns  of 
32  elements,  as  pictorially  illustrated  in  figure  14-2.  These  columns  lie  along  the 
generators  of  a  cylindrical  surface,  occupying  a  GO  degree  sector.  Alternate 
columns  have  a  vertical  displacement  of  one-half  of  the  vertical  element  spacing. 
This  configuration  is  used  because  of  its  superior  scanning  properties.  Each 
element  has  an  associated  diode  digital  phase  shifter  with  tliree  additive  phase 
units  of  180,  90,  and  45  degrees.  The  state  of  each  phase  shifter  is  represented 
by  on  integer  between  0  nnd  i,  this  being  the  plinse  shift  setting  in  45  degree 
units.  The  three  hits  of  this  manlier  in  binary  form  correspond  directly  to  the  180, 
90,  and  45  degree  units  of  the  phuse  shifter.  Digital  control  techniques  are  directly 
applicable  in  this  method  of  individual  phase  control  and,  hence,  in  antenna  beam 
steering. 

In  general,  energy  incident  upon  the  antenna  from  a  particular  direction 
excites  each  receiving  element  with  a  different  phase.  The  phase  shifters  behind 
each  clement  are  used  to  equalize  the  output  phases  of  all  elements  so  that  sum¬ 
mation  will  give  maximum  signal  amplitude.  The  correct  setting  of  the  phase 
shifters  can  place  the  direction  of  maximum  response  (the  beam  position)  anywhere 
within  a  selected  area.  In  general,  each  beam  that  is  formed  requires  e  different 
setting  of  all  1344  phase  shifters.  It  is  clear  that  even  modest  beam  agility  re¬ 
quires  some  form  of  automatic  control.  A  photograph  of  the  antenna  is  presented 
in  in  figure  14-3. 

The  steering  circuitry  is  designed  to  place  the  beam  in  any  one  of  900 
beam  positions  within  the  azimuth  sector  of  plus  or  minus  25  degrees  and  with 
elevation  limits  of  plus  30  degrees  and  minus  15  degrees. 


Z 


Figure  14-2.  Antenna  configuration,  cylindrical  array. 
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COMPUTING  ELEMENT  PHASE  VALUES 


As  illustrated  in  figure  14-2,  the  indices  m  and  n  give  the  column  and  row 
locutions  of  the  elements.  The  elements  lie  at  Ideations  for  which  the  sum  of  m 
and  n  is  even  (the  choice  of  this  set  or  the  set  for  which  tlie  sum  is  odd  is  com¬ 
pletely  arbitrary).  The  required  phase  shifter  setting,  at  the  element  location 
Irn.n)  to  form  a  lieam  with  the  coordinates  (0',  9)  is  given  by 

Pmn  =  8nD  Cos  0‘  -  HA  Sin  6'  Cos  t^^+mepj  -9)  (10) 

Tilt  expression  is  reduced  to  modulus  8  and  rounded  to  the  nearest  integer. 

Symbol  definitions  arc: 

Pmn  the  digital  phase  shifter  setting  at  element  (m,n). 

A  the  radius  of  the  cylindrical  array  in  wavelengths.  (2(>..'l) 

L)  the  spacing  I  jet  wee  11  rows  of  elements  in  wavelengths; 

(0.3fi2ri)  eauivalontly,  one-half  the  spacing  lietween  elements 
along  columns  in  wavelengths. 

90  Azimuth  location  of  the  reference  column  (m  -  0  column). 

91  Angular  spacing  between  the  vortical  columns  of  elements; 

(A  1.4  degrees),  equivalently,  one-half  the  angular  s|iaciug 
lietween  elements  along  rows. 

For  this  antenna,  the*  indices  m  and  11  take  oil  42  and  til  consecutive  in¬ 
teger  values  respectively.  The  elements  lie  at  lattice  locations  for  which  the 
sum  of  m  and  n  ;s  even.  The  indices  <m,n'  cun  take  on  positive  or  negative  values 
The  range  for  11  is  arbitrary,  since  the  addition  of  a  constant  value  to  all  11  values 
simply  changes  all  phase  values  by  the  same  amount.  Tlte  range  of  m  values, 
however,  must  lie  consist!-,  with  the  choice  of  <p,,.  the  location  of  the  azimuth 
reference  column. 

It  is  apparent  that  the  above  equation  must  lx:  solved  for  1844  phase 
vc  ’s  for  each  antenna  Ix’am  ixisition. 

BEAM  SWITCHING  REQUIREMENTS 

Once  the  antenna  phasors  have  Ix'eu  set  to  form  the  desired  Ix'am,  the 
antenna  can  transmit  radar  pulses.  The  antenna  phasors  must  IIkmi  remain  set  for 
this  lx>um  position  until  sufficient  time  has  passed  for  the  energy  to  return  from 
the  maximum  range  ot  c.e  radar  if  coni inaous  range  coverage  is  desired.  The 
relationship  lietween  the  waiting  time  and  maximum  range  is 

tM  (microseconds)  (20 7|)f{  mux.  (kilometers)  (11) 


A  AO-kilometer  range  (about  27  nautical  miles)  (••quires  |.|.|  microseconds 
wait  mg  lime . 

However,  somewhat  less  time  would  lx'  available  for  Ihc  computer  to  trnns- 
ler  tin*  phase  values  (and  oilier  data  words)  to  the  antenna  for  the  next  Itcam 


position.  The  computer  must  also  communicate  with  RADAR  control  and  poi form 
housekeeping  and  other  operations  during  this  time.  For  shorter  ranges  of  opera¬ 
tion,  considerably  less  time  may  be  available  to  transfer  control  information  to 
the  antenna. 

Due  to  the  inherent  beam  switching  capability  of  this  electronically 
scanned  anteiuia  (that  is,  consecutive  beams  may  be  formed  in  any  desired  direc¬ 
tion  within  antenna  scan  limits),  many  scan  patterns  are  possible  and  may  be 
implemented  under  computer  control. 


DESIGN  APPROACH  FOR  ANTENNA  CONTROL 


Several  methods  of  setting  the  phase  values  onto  the  antenna  were  con¬ 
sidered.  The  method  to  be  implenK-nted  does  not  involve  memory  devices  at  the 
individual  antenna  elements  and  requires  less  storage  capacity  for  phase  informa¬ 
tion  within  the  computer. 

The  method  descritied  liere,  .>  id  illustrated  in  the  block  diagram  of  figure  14-4, 
provides  for  the  summation  of  two  *-h  binary  numbers  at  each  antenna  element. 
Although  only  three  bits  of  the  4-bit  adder  output  are  used  to  control  each  phasor, 
four  bit  numhers  are  summed  at  each  element  to  avoid  excessive  rounding  errors. 

Each  dot  on  the  element  array  schematic  in  figure  14-4  represents  the  location 
of  an  element  and  the  point  at  which  the  intersecting  data  buss  values  are  summed 
to  provide  the  3-bit  phase  value  for  each  element.  Note  that  the  rows  run  horizon¬ 
tally  (numbered  1  through  64)  and  the  columns  run  vertically  (numliercd  1  tnrough 
42).  Examination  of  equation  (10)  reveals  that  the  phase  setting  at  element  (m,n> 
is  the  sum  of  two  terms,  and  that  for  a  given  beam  (01,  ?)  the  first  term  in  the 
expression  is  linear.  That  is,  the  value  of  this  term  depends  only  upon  the  row 
in  question  -  n  times  r  constant.  Thu  permits  a  straightforward  method  of  pro¬ 
ducing  all  row  data  from  a  single  numlier,  the  number  being  8D  Cos  O’.  The  block 
labeled  “Row  Multiplier”  operates  on  the  number  contained  in  one  of  the  two 
Row  Input  Registers  and  provides  a  4-bit  number  to  each  of  the  64  rows.  The 
second  term  of  equation  (10)  includes  the  cosine  of  a  function  of  m  for  a  given 
beam  (0',  <f).  Unlike  the  row  values,  this  term  cannot  be  readily  generated  for  the 
column  values  by  a  similar  technique.  The  column  term  is  more  complex  because 
-.it  includes  a  correction  to  compensate  for  the  curvature  of  the  cylindrical  surface. 
The  values  to  he  fed  along  the  columns  arc  precomputed  and  stored  in  the  computer. 
The  values  are  transferred  to  the  appropriate  column  shift  register,  which  supplies 
each  of  the  42  columns  with  4-hit  values.  Notice  that  there  arc  four  sets  of 
registers  in  figure  14-4,  each  set  consisting  of  two  identical  registers  labeled  A  and 
B.  The  block  labeled  '  ”  v-'.cr  Select”  will  connect  the  contents  of  register  A 
or  register  B  to  the  nntcn.ia  <  >.  radar)  as  commanded  by  the  computer-  control 
logic. 

Two  sets  of  registers  are  being  employed  to  avoid  loss  of  antenna  beam 
control  during  the  time  required  to  load  the  registers  for  a  new  beam  position.  The 
registers  will  be  individually  addressable  for  loading.  This  will  permit  greater 
versatility  in  antenna  control  and  should  reduce  the  complexity  of  the  control  and 
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Figure  14-4.  Control  jyslem  block  diagram,  cylindrical  array  antenna. 


timing  logic.  As  can  be  seen,  the  antenna  will  not  be  usable  during  the  time  re¬ 
quired  for  the  data  to  propagate  from  the  selected  register  set  to  the  antenna  ele¬ 
ment  phasor.  The  time  delay  through  the  row  multiplier  circuits  will  be  less  than 
0.5  microseconds. 

The  radar  will  send  beam  control  information  to  the  computer.  It  will  also 
send  syncronizing  information  to  the  control  and  timing  section  to  be  used  to 
prevent  antenna  beam  switching  during  radar  transmission  periods.  The  current 
beam  number  will  be  constantly  availuble  to  radar  from  the  selected  beam  number 
register. 


REQUIRED  BEAM  POSITIONS/COMPUTER  STORAGE 

As  indicated  by  equation  (10),  the  number  of  iiossible  lx.*am  positions  is 
essentially  infinite.  This  means  that  to  have  all  beam  positions  available  re¬ 
quires  the  on-'ine  computation  of  phase  values  for  each  new  beam,  since  storage 
of  phase  values  for  every  beam  position  is  clearly  not  possible.  Study  of  equa¬ 
tion  (10)  has  indicated  that  several  milliseconds  are  required  to  compute  the  phase 
settings  for  a  new  lieam,  even  with  the  fastest  computer.  Again,  this  methixi  is 
not  practical  for  high-speed  antenna  scanning. 

The  mothtxl  which  seems  most  reasonable  is  that  of  storing  phase  values 
for  a  preselected  numier  of  lieam  |x>sitions.  It  is  estimated  that  000  Irani  posi¬ 
tions,  (30  in  azimuth  and  30  in  elevation,  which  |ierniits  about  a  45  degree  scan  in 
each  plane),  or  less,  will  provide  sufficient  accuracy  and  coverage.  Again 
referring  to  equation  (10),  close  inspection  shows  that  its  value  is  unchanged  if 
in  is  increased  by  one  at  the  same  time  that  9  is  increased  l>\  9j.  This  means  that 
the  moving  of  ail  phase  settings  on  the  antenna  to  the  left  (or  right)  by  one  column 
moves  the  main  Irani  in  azimuth  by  <j>j  —  about  1.4  degrees.  This  fact  is  inqxirtaut 
with  respect  to  the  amount  of  storage  space  requited  within  the  computer.  By 
storing  phase  value  tables  over  an  extended  range  or  m  values,  it  is  found  that  one 
such  table  will  provide  the  correct  phases  for  all  azimuth  Irams  at  the  same  ele¬ 
vation  angle.  Therefore,  the  ntimlier  of  tables  in  store  will  lx1  exactly  equal  to  the 
total  ntimlier  of  required  elevation  Irani  positions  rather  than  equal  to  tin*  total 
nttmlxT  of  beams.  The  length  of  each  table  is  directly  related  to  the  manlier  of 
required  azimuth  Iram  posit  ions.  Also,  for  sequential  azimuth  scanning  the 
computer  is  required  to  transfer  only  four  bits  of  data  into  tlic  column  shift  register 
that  is  connected  to  the  antenna  (fig.  144).  This  process  of  transferring  four  bits  of 
data  continues  until  tin*  learn  reaches  its  azimuth  limit.  At  this  tinx*  the  alternate 
set  of  reg islets  (which  have  Iron  loaded  w  ith  the  next  elevation  |Hisition  data) 
would  lx1  connected  to  the  antenna.  This  procedure  would  provide  a  full  raster 
scan.  Clearly,  a  limited  raster  scan  over  a  specified  area  can  also  lx-  achieved  by 
a  similitr  procedure.  It  should  lx’  realized  that  all  other  o|X’rating  modes  require 
the  transfer  of  a  complete  new  set  of  data  for  each  now  lx*am:  the  same  data  trans¬ 
fer  tinx-  os  for  random  Ixam  |iositioning. 

Figure  14-5  is  an  example  of  the  actual  phase  settings  required  to  form  a 
beam  at  0'  -  70  degrees  and  9  =  20  degrees. 
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DATA  STORAGE  REQUIREMENTS 


Recall  that  forty-two  4-bit  words  and  one  10-bit  word  are  required  to  set 
all  antenna  phusors  for  a  given  beam.  Also,  additional  beams  in  azimuth  (foi  that 
elevation  position)  can  lx?  generated  for  each  new  l-bit  value  that  is  shifted  into 
the  column  shift  register.  This  means  that  for  30  azimuth  beams  the  storage 
space  required  is  forty-two  4-bit  words  for  the  first  beum  plus  twenty-nine  4-bit 
words  for  the  next  29  Ix'ams.  Also,  twelve  3-bit  time  delay  words  must  be  stored 
for  each  beam  irosition. 

The  storage  requirements  |ier  elevation  position  (30  azimuth  I  reams)  are, 

71  4-bit  values  (columns) 

I  10-bit  values  (rows) 

300  3-bit  values  (lime  delay) 

Considering  a  lti-hil  computer  word,  this  equates  to  eighty-seven  lG-bit  words  |ier 
elevation  position.  For  30  elevation  |>ositions,  the  minimum  storage  requirement 
lor  lieam  data  is  2,010  computer  words.  This  assumes  maximum  packing  of  data. 

'1‘he  following  expression  gives  the  minimum  number  of  lti-bit  words  re¬ 
quired  for  any  selected  manlier  of  elevation  and  azimuth  lieam  |>osi(ions. 

\  =  n,.- ,  i  (l()nAZ  +  45)  4  ]  * 

When*  a...  Numlx'r  of  elevation  Ixuims 

(12) 

n  =  Niimlx'r  of  azimuth  lx?  a  ms 
N  r  Numlx-'r  of  1  (3-bit  words 

Storage  requirements  for  the  running  programs  are  not  as  easily  computed 
at  this  time.  However,  it  is  quite  reasonable  to  ex|x?et  the  total  core  requirement 
will  exceed  4000  words.  Since  computers  generally  are  not  available  with  less 
than  1000  word  blocks  of  memory.  Ibis  application  then  will  require  an  8000-word 
memory  computer.  Provision  will  lie  made  lor  additional  memory  if  required. 


SPEED/OUTPUT  REQUIREMENTS 

As  previously  indicated,  the  general  requirement  is  for  twenty  Ki-bit  data 
words  to  lx-  tran.-fenvd  fur  each  Ix'am.  This  data  will  he  divided  among  four 
separate  registers.  Therefore,  the  output  sequence  w  ill  be  to  address  a  register 
and  then  output  its  data  until  the  20  words  are  transferred. 

Once  the  computer  program  has  interpreted  the  command  from  radar  and 
found  the  block  .if  data  to  lx-  transferred  to  the  antenna,  it  must  make  several  more 
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memory  references  to  output  the  phase  data  and  control  words.  The  instruction 
execution  time  (for  one  particular  computer)  to  transfer  the  20  data  words,  address 
the  specific  registers  and  output  one  required  control  command,  requires  up  to 
103  microseconds.  The  memory  cycle  time  of  this  machine  is  0.86  microseconds. 
The  1  Oil-microsecond  time  is  for  programming  each  word  out  through  the  central 
processing  unit.  If  the  optional  buffer  channel  feature  is  considered  for  this  ma¬ 
chine,  the  same  tiansfer  takes  48.0  microseconds.  The  data  for  the  column  shift 
register  could  be  transferred  via  such  a  buffer  channel  at  memory  cycle  speeds. 

A  small  machine  with  this  memory  speed  and  a  suitable  output  section  should  be 
adequate  to  control  the  antenna  for  any  desired  function. 


CIRCUIT  DESIGN  AND  PACKAGING 


PHASOR  DRIVER  CIRCUITRY 

The  schematic  diagrams  of  figure  14-6  illustrate  both  the  driver  circuitry  re¬ 
quired  to  control  each  3-bit  diode  phase  shifter  and  the  3-bit  phasor.  A  photo¬ 
graph  of  the  phasor  is  shown  in  figure  14-7.  The  phasor  is  designed  with  PIN  diodes 
tliree  diodes  each  for  the  180-degree  and  90-degree  phase  bits.  The  45-dcgrce 
phase  bit  uses  two  diodes.  The  180-degree  and  90-degree  phase  bits  are  of  the 
switched-l ine  form.  The  45-degree  phase  hit  is  of  the  periodically  loaded-line 
form.  As  indicated,  the  diodes  in  this  bit  are  stub  mounted  across  the  main  lino. 

Control  ivquirements  for  the  180-degree  and  90-degree  phase  bits  are  iden¬ 
tical.  Referring  to  the  180-degroe  bit,  note  that  two  diodes  are  lalieled  D.  This 
phase  bit  requires  complimentary  control  -  that  is,  when  diodes  A  are  reverse 
biased,  diode  D  must  be  forward  biased.  This  condition  produces  the  long  delay- 
path  (180-degree  phase  shift).  The  diodes  are  physically  located  a  distance 
equivalent  to  a  quarter-wavelength  from  the  T  junctions  of  the  phase  hit.  The  low- 
impedance  of  a  conducting  diode  is  transformed  to  a  high  impedance  at  the  T 
junction  by  the  quarter-wave-length  line.  The  two  diodes  of  the  45-degroc  bit  are 
controlled  in  parallel,  cither  both  on  or  both  off.  When  the  diodes  are  reverse 
biased  (ofi  state),  the  45-degrec  phase  shift  is  introduced. 

For  satisfactory  operation,  the  PIN  diodes  are  driven  with  a  forward  cur¬ 
rent  of  30-35  millianq/eres  or  a  reverse  voltage  of  90  volts.  The  diode  driver  was 
designed  to  interface  directly  with  transistor  trunsistor  logic  (TTU  and  to  operate 
at  the  TTU  power  supply  voltage,  i5  volts.  The  base  reference  voltage,  +3V, 
can  tie  derived  from  the  regulated  +5-volt  supply  through  a  simple  scries  pass 
regulator. 

Assume  the  180-dcgrcc  input  shown  in  figure  14-6  is  the  in  the  "logic  0”  state 
(about  0.2  volts).  (},  conducts  and  the  common  emitter  voltage  becomes  about 
2.5  volts,  which  is  sufficiently  low  to  hold  ij2  off-  About  70  milliumpcrcs  is 
delivered  to  the  two  parallel  PIN  diodes.  The  current  through  Pj  develops  i 
reverse  bias  from  base  to  emitter  of'.},  and  holds  it  off.  Since  02  is  not  conducting. 
(}4  provides  a  low  impedance  path  from  -90  volts  to  (xiint  P.  the  anode  of  the 
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Figure  14-6.  Phasor  driver  and  phasor  schematics. 


single  PIN  diode.  As  the  input  rises  to  the  “logic  1“  state  turning  (Jj  off,  the 
common  emitter  voltage  rises  until  (}2  conducts  (about  3.6  volts).  About  35  inilli- 
am pores  is  delivered  to  the  single  PIN  diode.  The  voltage  across  D2  turns  (i4 
off.  Since  Dj  is  not  conducting,  Q3  applies  reverse  bias  to  the  pair  of  PIN  diodes. 
Switching  waveforms  are  illustrated  in  figure  14-8.  The  waveforms  illustrate  the  volt¬ 
age  and  current  for  the  two-diode  side  of  the  phase  bit  (point  A).  Figure  14-8  illus¬ 
trates  the  “tum-ofT"  characteristics  of  the  circuit.  This  switching  is  initiated 
when  the  input  signal  changes  from  the  ‘logic  0”  state.  As  indicated,  tlie  current 
delivered  to  the  diode  pair  chungcs  from  70  miliiam|x?res  to  zero  in  about  0.1 
microseconds.  Alxrut  0.1  microsecond  later  t}3  begins  conducting  and  a  reverse 
current  flows  through  the  pair  of  PIN  diodes  (o  the  -90-volt  supply.  This  current 
reaches  a  maximum  of  140  milliamperes  and  then  begins  decreasing  toward  zero. 
Diode  current  flow  is  essentially  zero  after  about  one  microsecond.  The  diode 
reverse  voltage  reaches  its  maximum  of  -90  volts  in  less  thun  2  microseconds. 
Figure  14-8  illustrates  a  complete  switching  cycle.  Note  that  the  time  required  to 
sw  itch  the  diodes  into  conduction  is  considerably  lose,  than  the  time  required  to 
reverse  bias  them. 


CURRENT <mA) 
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Figure  14-8,  Driver  switching  schematic  and  waveforms  (upper  trace  -  diode  voltage; 
lower  trace  -  diode  current). 


ELEMENT  TEST  CIRCUITRY 


Tost  circuitry  has  been  designed  as  an  integral  pari  of  the  antenna  control 
logic.  For  large  arravs  it  is  necessary  to  provide  a  method  of  testing  for  defective 
or  inoperative  control  components.  Random  failure  of  elements  of  phased  arrays 
is  u  characteristic  which  hac  boon  called  “graceful  degradation  This  means 
that  array  performance  degrades  gradually  as  more  and  more  rue  ia ting  elements 
cease  to  oj>erate  fully  or  fail  completely.  Indeed,  the  capability  of  detecting  and 
repairing  these  components  as  they  fuil  should  bo  available.  Alternatively,  one 
could  perform  some  sort  of  periodic  manual  test  and/or  inspection  or  simply  wait 
until  antenna  degradation  is  reflected  in  overall  poor  system  performance. 

In  order  to  exhaustively  tost  the  antenna  it  would  he  nccossii'v  to  sample 
rad m it'd  energy  at  each  element  and  measure!  phase  and  powoi.  This  method 
would  be  quite  expensive  and  would  introduce  additional  r!  losses  in  the  system 
duo  to  tne  additional  components  required. 

The  test  method  being  implemented  for  this  array  provides  a  ‘GO-NO  00“ 
test  output  from  each  pltusor.  Each  element  of  the  array  has  a  test  circuit  which 
is  designed  to  detect  faulty  control  information  up  to  and  including  the  FIN  diodes 
in  the  phase  shifter.  The  test  circuit  monitors  the  five  control  inputs  to  the 
phusor,  points  A,  R,  C',  l>,  and  E  (fig.  14-6).  Diring  normal  ciicuit  operation  the 
voltage  level  at  any  test  |x>int  is  +0.!)  volts  or  -1)0  volts.  The  test  circuit  is 
designed  to  provide  a  measurable  output  lor  only  two  unique  sets  of  driver  input 
commands;  that  is,  minimum  phase  shill  (all  inputs  low)  and  maximum  phase  shift 
(all  inputs  high).  This  is  sufficient  to  examine  all  phusor  diodes,  drivers,  and 
related  control  circuitry.  The  amount  of  test  circuitry  is  cuiisideral.lv  less  than 
that  required  to  check  all  eight  possible  slates.  Assume  (lust  all  three  driver 
inputs  are  low.  The  voltages  at  points  A,  B,  and  ('  should  lie  high  (  +  volts), 
and  at  points  I)  and  K  the  voltage  should  lx»  low  <-!)()  volts).  It  »  !k_  ih'eo  inputs 
are  raised  to  the  high  state,  tin-  opposite  should  he  true;  points  A,  li,  and  ('  low 
(-90  volts),  and  points  l)  and  K  high  (•*■().})  volts).  The  logic  expression  representing 
these  two  conditions  is 


A  H  C  I)  E  +  A  H  C  I)  K  =  X  (1,1) 

This  logic  will  also  detect  a  shorted  PIN  diode,  since  a  shorted  diode  will  hold 
that  point  at  zero  volts  under  all  input  conditions. 


TEST  CIRCUIT  INTERFACE 

in  order  to  implement  this  lest  circuit  w  ith  integrated  circuit  logic,  I  In* 
voltages  monitored  must  he  sealed  up  to  compatible  levels.  A  simple  resistive 
voltage  divider,  in  conjunction  with  the  integrated  circuit  input  clamp  diode,  is 
used  to  accomplish  this  and  is  shown  as  the  Type  I  input  in  figure  14-9.  The  rosis-  is- 
tors  are  so  chosen  that  -90  volts  at  (he  test  point  (point  I .  fig.  14-91  produces  a 
slightly  negative  voltage  at  |Kiiul  2.  The  clump  diode  prevents  this  voltage  from 
lx*eoniing  more  negative  than  -4 Mi  volts.  This  is  the  “logic  I)’’  level.  When  point 
1  is  »().()  volts,  point  2  rises  to  the  “logu-  1“  level,  nliout  *4  volts. 
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Ay  indicated  above,  five  of  these  interface  circuits  are  required  per  phasor. 
One  circuit  for  each  of  the  uhasor  control  inputs,  t>oints  A  through  E  of  figure  14-6. 
This  will  permit  detection  of  a  control  circuitry  malfunction  and  will  also  detect 
shorted  PIN  diodes.  Also,  this  circuit  will  detect  open  PIN  diodes  at  points  A 
and  B  of  figure  14-6.  Py  examining  driver  circuit  operation  it  is  seen  that  if  |>oint 
A  is  open  (because  of  open  PIN  diodes  or  connector  failure),  the  PIN  diode  con¬ 
nected  to  |K)int  D  will  Ire  forward  biased  for  both  input  logic  states.  Correspondingly, 
the  same  is  true  for  the  90-dcgrce  driver. 

Additional  circuitry  to  detect  oj)en  diodes  is  required  for  points  D,  E,  and 
C  only.  The  interface  circuitry  to  accomplish  this  is  illustrated  in  figure  14-9,  Type  2. 
Point  ;l  of  this  circuit  rises  to  the  "logic  1"  level  if  the  PIN  diode  or  associated 
connector  opens. 
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Tigurf  14-9.  Test  circuit  initrface  cchematict,  Types  I  and  2. 
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TEST  CIRCUIT  LOGIC 


The  complete  equation  to  h>  implemented  for  testing  an  antenna  element 
consists  of  eight  variables 

A  Bf  DEFGli  +  PbCD  KFG  H  =  Y  (14) 

The  variables  F,  G,  and  11  are  contributions  of  the  three  interface  circuits  designed 
to  detect  open  PIN  diodes  (fig.  1 4-9).  Note  that  point  3  of  figure  1 4-9  is  always  al  the 
"logic  0”  level  under  normal  operation. 

The  logic  function  of  equation  (14)  may  he  realized  directly  with  and  or 
logic,  converted  to  its  NANI)  or  NOR  equivalent,  or  perhaps  a  combination  of  the 
above.  Kquation  (14)  expressed  in  NANO  and  NOR  form  is  as  follows: 


A  ROOF  F  G  II  t  a  R  G  I)  K  F  Gil  -  Y  (15) 


A+B+r+D+Fe-FH'i+H  *A*IW'tl)tl>fv(>ll  =  Y  (Hi) 

Kquation  (15)  requires  thirteen  inverters  to  produce  the  complements  of  the  variables 
A  through  II  and  to  avoid  driving  more  than  one  logic  gate  from  any  resistive  inter¬ 
face  circuit.  Also,  two  eight-input  NANI)  gates  and  one  two-input  NANO  gate  are 
required.  This  requires  three  inverter  chips  and  l.j-ee  SAND  chips,  or  a  total  of 
six  chips  to  implement  the  circuit.  Kquation  (lb)  could  lx'  implemented  with  five 
open  collector  inverter  chips  using  the  "wired  OR"  technique  to  produce  the  NOR 
gates.  Kight-iuput  NOR  chips  arv  not  readily  available. 

Roth  the  above  require  too  many  chips  and  too  m  my  interconnections  to  lx' 
attractive.  Implementing  equation  (lb)  would  require  124  wirt'  bonds  to  inter¬ 
connect  the  five  integrated  circuit  (l(')  chips. 

Another  expression  which  requires  three  1C  chips,  less  than  half  the  wire 
bonds,  and  less  1C  clnp  cost  has  Ix-eu  found.  This  circuit  uses  one  MSI  chip  and 
two  SSI  chips.  The  equation  is  mure  complex,  and  more  logic  is  utilized;  yet  the 
!C  cost  is  less,  and  tltc  circuit  is  easier  to  implement.  Kquation  (IT)  is  the  logic 
expression  for  this  circuit. 


(A©  R)  (A  ©  C)  (A  ©  R>  ( A0  K>  F  Gil  -  Y  (17) 

or  f A®  R)  (,\®C)  (A©  lb  <A©K)  F  C.  II  -  Y 

Kquntloiis  <1  |)  and  <  1 7 »  arc  shown  to  be  equivalent  as  follows: 

Y  (A  R  C  I)  K  «  A  R  C  f)  K)  P  (T  ll  (ID 

adding  zero  value  terms  to  |<crinit  factoring. 

Y  (ARC  A  I)  K  *  A  H  C  A  I)  K  *  A  R  C  A  I)  K  -  A  R  C  A  I)  Ki  F  C  II 
=  (A  R  C  *  A  IH'iiAD  F.  -AD  K>  F  C.  II 
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again,  adding  zero  value  terms  to  each  factor. 

=  |(A  A  itf  <  A  A  Bf  +  A  A  RC  *  A  A  HC)|  It  A  A  1)  K  +  A  A  D  K  * 

A  AUK  +  A  A  D  K)|  K  (7  (1 

=  I(A  Ti  +  A  B)  (A  C  *  A  CM  It  A  I)  *  A  I))  (A  K  +  A  K))  K  (i  II 
Y-  (A  ®  B)  ( A  ffi  C)  (A  ©  I))  (A  ®  K)  V  ti  II  (17) 

The  test  circuit  logic  diagram  with  the  phasor-driver  interface  circuits  is 
shown  in  figure  14-10.  The  circuit  utilizes  all  logic  functions  on  the  three  IC  chips 
except  for  one  input  to  the  rt- input  NANI)  gate.  As  indicated,  a  single  test  output  ' 
Y  will  Ire  provided  for  each  of  the  1:14-1  elements.  Under  the  two  input  test  condi¬ 
tions,  tins  output  should  be  the  same  at  all  elements. 

Hecall  that  the  antenna  is  constructed  in  rows  and  columns  of  elements, 
much  the  form  of  a  matrix.  This  suggests  that  the  1:11-1  element  test  output  points 
could  lie  combined  in  such  a  way  that  row-column  indicators  would  pinpoint  the 
faulty  element.  This  would  require  one  AND  circuit  for  each  row  and  one  AND 
circuit  for  each  column  of  the  antenna  with  appropriate  row  and  column  indicators 
for  each  of  the  10(5  AND  circuits.  A  faulty  clement  test  output  would  cause  the 
row  and  column  indicators  which  include  the  faulty  element  to  illuminate.  However 
if  two  elements  are  simultaneously  indicating  a  fault,  the  row-column  circuits 
could  indicate  up  to  four  elements.  Assume  the  elements  circled  in  figure  14-1 1  are 


figure  14-10.  Test  circuit  logic. 
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Figure  14-11.  Antenna  element  locations. 


outputting  fault  indications,  elements  <4,  4)  and  (2,  2).  There  are  also  row-column 
intersections  for  the  good  elements  (4,  2)  and  (2,  4).  Due  to  the  empty  array 
locations,  the  ambiguity  occurs  only  when  the  elements  lie  in  rows  (or  columns) 
for  which  the  sum  is  even  and  are  not  locuted  in  the  same  row  or  column. 

The  presence  of  ainbigious  indications  is  obvious  by  inspection,  when  they 
occur,  and  may  be  isolated  quickly  by  cheeking  the  element  test  circuit  outputs 
(Y,  fig.  14-10). 

The  row  and  column  AND  circuits  will  be  implemented  as  shown  in  fig¬ 
ure  14-12.  Single  ANDgates  are  not  available  with  the  required  number  of  inputs. 

The  test  procedure  could  be  completely  automated  by  returning  the  row  Hnd  column 
signals  to  the  control  computer.  Periodic  testing  could  then  be  performed  under 
operational  conditions  with  brief  interruption  of  antenna  operation. 
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Figure  14-12.  Row  and  column  logic  diagrams,  test  circuitry. 


PHASOR  DRIVER  AND  TEST  CIRCUIT  PACKAGING 

Twenty  drivers  and  twenty  test  circuits  were  designed  and  packaged  using  the  thin- 
film  hybrid-circuit  technique.  Photographs  of  the  driver  and  test  circuit  are  shown  in  figures 
14-13  and  14-14.  The  information  obtained  from  the  design  and  test  of  these  circuits  was  useful 
in  designing  a  thick-film  hybrid  which  includes  the  control  and  test  electronics  required  ai 
each  element  in  the  array.  A  block  diagram  of  this  circuit,  the  adder-driver-test  circuit  (ADT), 
is  shown  in  figure  14-1  5  A  photograph  of  the  completed  ADT  is  shown  in  figure  14-16. 

Low-level  TTL  logic  was  used  in  the  test  circuit  design  to  reduce  power  consumption. 
This  permitted  the  interface  circuits  (fig  14-9)  to  be  designed  with  higher  values  of  resistance. 
The  maximum  power  dissipation  for  the  ADT  is  2.4  watts.  This  occurs  when  the  circuit  is 
switched  to  produce  minimum  phase  delay. 

The  thick-film  technique  was  considered  more  desirable  for  this  application  because 
of  lower  substrate  cost  and  more  rapid  production,  which  resulted  in  a  substantial  overall 
savings.  In  thick  film,  the  resistors  and  conductive  paths  are  screen-printed  on  a  relatively 
inexpensive  substrate.  The  active  devices  are  mounted  in  discrete  cltip  form.  In  the  thin- 
film  circuits  referred  to  above,  a  gold-clad  ceramic  substrate  was  etched  leaving  the  conductor 
paths  and  bonding  pads.  The  resistors  and  active  devices  were  mounted  in  chip  form,  then 
interconnected  by  wire  bonding.  Although  thin-film  conductors  and  resistors  can  be 
constructed  by  a  deposition  process,  this  approach  was  not  considered  practical  for  this 
application. 
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CONCLUSIONS 


A  small  general-purpose'  computer  is  found  to  be  acceptable  for  steering 
the  Ik-hid  for  many  random  iK-nm  positions  of  a  cylindrical  array.  A  general-purpose 
controller  can  also  be  used  for  system  testing  and  evaluation  Ix'cmise  of  its  pro¬ 
grammable  versatility.  Set-up  time  for  random  beam  positioning  is  on  the  order 
of  l (K)  microseconds. 

The  use  of  binary  adders  at  each  antenna  element  to  itroduoe  the  element 
phase  values  eliminates  three  disadvantages  of  storage  devices  <fl ijx-flops):  U> 
the  methixl  using  flij»-flops  to  form  shift  registers  along  rows  or  columns  requires 
much  more  data  storage  capacity  in  the  control  computer:  <2)  the  set-up  time  to 
transfer  data  for  a  given  bourn  is  longer,  and  Cl)  packaging  considerations  arc  more 
stringent.  By  keeping  storage  devices  electrically  remote  from  the  antenna  olo- 
ri'ents,  and  in  small  quantity,  they  can  Ik-  compactly  packaged  and  well  shielded. 
The  control  method  doscrilrcd  allows  this,  and,  as  a  result,  noise  is  less  likely 
to  Ik1  a  problem. 

The  application  of  thick-film  microcircuit  techniques  to  produce  the 
phasor  driver  and  test  circuit  in  a  common  package  is  oxixvted  to  improve  relia¬ 
bility  and  reduce  cost  of  these  components. 
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Pattern  Analysis  of  Wideband  Circular  Sector  Arrays 


1.  Introduction 


Because  of  ihetr  low  silhouette,  high  gain  directional  circular  antenna 
arrays  are  natural  candidates  for  communication  and  radar  antenna  systems  In 
space-limited  Installations  such  as  ships  and  aircraft.  Flat  circular  arrays 
have  the  lowest  possible  silhouette  and  thus  present  minimum  cross-section  to 
the  air  drag  and  the  shock  wave  created  by  hypersonic  flight  or  by  explosion  of 
either  nuclear  or  conventional  weapons. 

A  basic  advantage  of  circular  arrays  Is  their  theoretically  constant  gain 
with  azimuth  beamsteering.  Gain  variation  with  elevation  steering  can  be 
reduced  by  thinning  of  multi-ring  concentric  arrays. 

If  single-ring  circular  arrays  are  excited  co-phasally  so  that  they  form 
a  pencil  beam,  their  patterns  are  Bessel  functions  of  the  first  kind  and  zeroth 
order,  so  long  as  the  element  spacings  are  small.  (Ref.  1)  The  first  side- 
lobes  of  this  pattern  are  only  7.9  db  below  the  main  beam  maximum,  which 
acoounts  for  the  few  radar  applications  of  this  antenna  type.  However, 
excitation  of  one  or  more  rings  using  an  "arc  sine  feed"  allow  reduction  of 
near-ln  sldelobes  of  directional  circular  rrrays.  (Ref.  2). 

Because  of  the  basic  high  cost  of  a  circular  array  it  becomes  necessary 
to  minimize  the  number  of  elements  required  to  achieve  a  certain  electrical 
performance,  such  as  angular  resolution.  Also,  the  effects  on  this  perform¬ 
ance  of  random  element  removal  due  to  catastrophic  failure  have  to  be  studied. 
The  complexity,  and  cost,  of  a  circular  array  can  also  be  reduced  by  feeding 
only  a  narrow  sector  Instead  of  the  full  circle  of  elements. 

In  this  paper,  the  use  of  a  digital  computer  program  Is  described  to 
study  sldelobes  for  large  element  spacings.  Various  beam  steering  aspects  of 
circular  arrays  are  discussed,  and  beamwldth  data  are  vn  for  sectorized 
modular  arrays.  Results  for  large  circular  arrays  are  assented,  and  hard¬ 
ening  approaches  for  various  radiator  types  are  Included.  (See  Ref.  3).  Due 
to  the  possibility  of  ablation  of  protective  coatings  used  for  the  antenna  elements 
under  thermal  load  of,  e.g. ,  re-entry,  these  elements  may  have  to  be  designed 
for  a  considerably  larger  bandwidth  than  that  required  by  the  signal  being 
transmitted  by  the  array,  and  broadband  matching  approaches  are  therefore 
discussed.  As  a  practical  example,  a  hardenable  multi-ring  circular  array  Is 
described  which  has  3:1  bandwidth  and  the  potential  for  full  hemispherical 
coverage,  and  a  beam  steering  system  Is  shown  which  allows  360  degree  azi¬ 
muth  steering  with  little  gain  variation.  Beamwldth  adjustment  is  possible  by 
varying  the  feed  sector  angle.  Monopulse  tracking  Is  readily  provided  by 
virtue  of  simultaneously  available  even  and  odd  aperture  excitations. 

2.  Circular  Array  Pattern  Formulas 

2. 1  Basic  Gain  Formulas  for  Multi-Ring  Arrays* 


♦The  same  formulas  are  applicable,  of  course,  for  single  rings  also,  in  which 
case  no  summation  is  necessary. 
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For  small  element  spacing  (equal  or  less  than  half  a  wavelength)  and  a 
large  number  of  elements  per  ring,  we  get  the  following  approximate  formula 
for  the  relative  gain  of  a  ring  array  at  a  distant  point:  (for  Isotropic  radiators) 


E  (0.0  ) 


2  tr 


M 


A  r  J 
m  m  o 


m  1 


where  i  f  (c  ) 

m 


(1) 

(2) 


Is  the  amplitude  weight  on  ring  m,  M  Is  the  total  number  of  rings,  r  Is  the 
radius  of  ring  m  m 

and  =  r  (sin  6  cos  <t>  -  sin  B  )2 

m  m  I  om 

+  (sin  0  sin  o  -  sin  0  sin  o  )2  1//2 

om  om  J 

with  0,  0  =general  co-ordinates, 

(fl-O:  Beam  pointing  towards  zenith)  (3) 

®om'  0om  are  an8*es  °f  the  beam  direction  of  a  ring  m,  and  do  not  have 

to  coincide  for  the  various  rings.  As  a  matter  of  fact,  for  operation  near 
horizon,  the  rings  will  have  to  get  a  different  In  order  to  compensate  for 

the  beam  broadening  in  elevation,  If  equal  beamwldths  in  azimuth  and  elevation 
are  desirable. 
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Approximation  for  Beam  Pointing  Near  Zenith 
With  Oom  =  O=0om  we  get 

Pm  -  rm  |sln20  oos20  +  sin20  stn2oj  1//2 

=  r  sin  0 
m 


The  pattern  Is: 
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E  (0,0)=  £ 

m-1 


2tt  A  r  J 
m  m  o 


H) 


(5) 


By  varying  0  and  p  by  small  Increments  the  sldelobes  can  be  studied 
near  zenith,  and  by  varying  these  angles  by  large  Increments  (up  to  9  =  45°; 
0<  o<  360°)  the  actual  pattern  and  Its  possible  variation  can  be  studied  for  the 
upper  portion  of  the  desired  hemispherical  coverage. 
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2. 3  Approximation  for  Beam  Pointing  Near  the  Horizon 


With  =  o  •  7>nrn  ^  0  we  get  (for  0  =0) 


om  2  *  yom 

(sin  6  cos  0  -  1)“  +  (sin  6  sin  0)2J  * 


P  -  r 
Km  m 


=  r. 
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sin  0  -  1 
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(6) 


and  the  elevation  pattern  becomes 
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For  0=|-  the  azimuth  pattern  becomes: 
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Here  we  get  a  considerably  broader  elevation  pattern  than  azimuth  pattern.  If 

we  were  to  achieve  equal  beam  width  for  E,,^  ,  0]  and  E2  (0,  o)  we  have  to 

aasumo  different  0  's,  until  the  azimuth  pattern  becomes  as  broad  as  the 

om 

elevation  pattern. 

The  beam  broadening  Is  very  small  for  elevation  angles  down  to  about 
45  degrees,  and  a  10:1  broadening  occurs  at  0  -  85  degrees  from  Zenith.  This 
broadening  Is  a  function  of  the  diameter,  however,  and  has  to  be  studied  for 
each  ring  diameter  separately.  However,  both  for  the  study  of  beam  broad¬ 
ening  of  the  elevation  pattern  near  the  horizon  and  fo»*  Investigation  of  the 
dependence  of  the  azimuth  or  elevation  pattern  on  element  thinning,  no  simpli¬ 
fication  of  the  pattern  equation  Is  possible.  Since  the  investigations  will  be 
run  on  a  computer,  It  appears  thus  generally  advantageous  to  use  a  summation 
formula  for  the  contributions  from  the  Individual  radiators,  rather  than  the 
Bessel  function  approximation.  This  approach  is  mandatory  for  the  study  of 
sector  arrays. 

3.  Pattern  Computation  for  Multi-Ring  Arrays  of  Isotropic  Sources  Using 
Summation  of  Vector  Contributions 

3. 1  Plane  Ring  Array 

The  summation  of  the  contributions  of  all  elements  in  the  case  of  a 
plane  ring  array  leads  to  the  following  general  equation: 
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here  is  the  phase  of  the  illumination  of  element  1  on  ring  m 

If  we  make  tp .  =  2tr  rP1  sin  6  cos 
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then  the  array  pattern  has  its  maximum  value  for  6  -  0  ;  0  ~  e  _  and 

m  om 

the  pattern  equation  is 

M  j. 

mill 
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-  '‘in  r  cos  (o  -  j 

where  £  ,  e  are  the  angles  of  tre  )>».;: m  maximum  for  ring  m 

c;n  om  ® 

L  total  number  of  elements  n».  ring  m 
m 

?, .  2  Generalized  Array  W t ->■  Arbitrary  Ring  Envelope 

if  ail  rings  are  horizontal  a*d  concentric,  but  ar^  not  located  on  one 
plane,  wo  canwilU?  the  iotmula  la  the  following  v.v.y: 
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Where  A^.  Amplitude  of  n'.th  ring,  A  /  »(o) 
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and  angular  displaoon-.eol  of  first  element  (1  1 )  on  each  ring  with 

reaped  to  main  beam  direction. 


o  d. 

i  rn  A  I  m 


,  where  r>  ,  C>0  angles  of  main  ocatn  (K: 


('  ■  angle  <>i  envelope  of  ring  array  with  horizon  at  the  point  where  the 


'nvejope  touches  ring  m  as  shewn  in  Figure  J. 
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In  order  to  facilitate  multiple  pattern  investigations  on  a  digital  com¬ 
puter,  the  pattern  can  be  written  as: 
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And  the  normalized  pattern  equation  Is: 

<’*  (",  o)  ji~  •  P  («,  o),  where  PJnax  P*  (0Q,  oQ)  =  l 


i :  i 


(18) 


T’.ie  actual  far- Held  p-.n'ern  of  the  array  can  then  be  found  by  taking 
the  square  root  of  the  values  in  the  power  pattern  above  (Formula  16)  and 
multiplying  the  resulting  gain  pattern  |,v  (he  element  pattern  of  the  chosen 
antenna  element. 

4 .  Symmetrical!-.  Phased  Fiat  Circular  Ar  rays 


•! .  1  General 

Rased  or,  the  i'.ufuo-.aticn-  formula  described  ir.  the  preceding  section,  a 
computer  program  war.  unite r.  <Kef.  4:  This  program  Is  equallv  useful  for 
the  investSypit  ion  of  single -ring  or  i-s.-ir, -t  '.r.g  circular  arrays,  with  arbitrary 
element  we  ignis  ami  /ley  •impl'tu-Jcs,  avi.t  foe  any  array  envelope  function. 

Recaii h c  of  the  lowest  silKeueti».-.  and  maximum  aperture  in  elevation,  only 
flat  (planar)  i  i.:g  \  s  were  stud io-l.  The  approach  chosen  was  to  assume 
eventual  use  of  cither  vertically  polarize'!  elements  for  coverage  from  horizon 
to  about  4.‘>  degree?-.  or  rndtirv  vaoiators  with  circular  polarization  for  the 
angular  velum*  (vo?n  ?rn*?h  flown  !/•,  4-  degrees.  Since  the  latter  case 

iu  equivalent  >0  .1  broadside  plas*.:r  array  w,th  circular  boundary,  and  does  not 
really  utilize  thr  ur.'.que  feat: i\  '.~  >Si  ;V  c,r,r;  arrav,  the  emphasis  of  the  Investi¬ 
gation  was  placed  &t>  ring  arrays  with  oo»  r.?(ira  near  horizon. 
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Directional  Mode  Full  Circular  Array 


If  all  the  contributions  from  the  individual  elements  are  to  be  in  phase 
at  a  distant  point,  then  the  elements  have  to  be  phased  according  to 


,  ?rD 

*i  =  — 


cos  pj  (Radians) 

=  360  R^  •  cos  Oj  (Degrees) 


(19) 


where  0.  is  the  angle  in  azimuth  of  the  element  1  with  respect  to  the  desired 
beam  direction  (Figure  2)  and  R^  the  radius  In  wavelengths. 

If  all  the  elements  are  placed  equidistantly  around  the  total  circum¬ 
ference,  we  have  a  full  circular  array,  with  a  first  sidelobe  level  of  -7.942  db, 
corresponding  to  the  second  maximum  of  the  zeroth-order  Bessel  function  of 
the  first  kind.  The  array  factor  is  given  by  (see  previous  section): 


Gw’  !>  '  Jo  TT  (sln2» 

and  G  (0.6)  =  J  ^  (sin  6-1) 

O  A 


(20) 

(21) 


where  (20)  is  the  azimuth  pattern  in  the  horizontal  plane,  and  (21)  the  elevation 
cut,  both  for  a  beam  pointing  at  o=0,  0=90  degrees. 

2n  D 

The  formulas  hold  if  N  <  -y—  +  2  which  corresponds  to  an  element 
spacing  of  half  a  wave-length  or  less.  (N  =  number  of  elements) 


SEAM 

OiRECTiON 


Fig.  2:  Element  Phasing  for  Directional  Mode  (Cophasal  Excitation  with  Phase 
Reference  at  Ring  Center 
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4.3  Element  Arrangement  for  Optimum  Feed  Structure  Having  Even 

Symmetry  of  Elements 

When  elements  are  phased  according  to  formula  (19),  the  phase  center 
of  the  array  coincides  with  the  geometrical  center.  For  a  directional  array, 
this  means  that  elements  diametrically  opposite  on  the  circle  have  phases  of 
equal  magnitude  and  opposite  polarity.  If  now,  In  addition  the  elements  are 
placed  (or  selected)  symmetrically  with  respect  to  the  beam  axis,  such  that 
the  axis  falls  either  halfway  between  two  elements  or  directly  on  an  element, 
then  two  elements  each  have  the  same  phase  (i/>.  and  ipu'  In  Figure  3)  with 
either  an  even  or  odd  number  of  elements  for  each  hali  array.  The  even- 
numbered  case  Is  better  from  the  standpoint  of  power  division,  and  shall  be 
treated  exclusively  in  the  following  chapters,  even  though  all  conclusions 
apply  equally  well  to  the  odd-numbered  configuration.  By  giving  the  elements. 
In  addition,  an  amplitude  weight  such  that  =  A_  -  A_1';  A2  -  = 

A  2  =  A'  2  and  so  on,  a  first  sidelobe  other  than  the  -7. 9  db  for  a  uniform 
ring  array  can  be  chosen,  at  the  expense  of  an  increasing  backlobe.  Exam¬ 
ples  of  amplitude  weights  are  cos  ^  x,  Tchebycheff  or  Ramp.  Other  methods 

of  nearbeam  side-lobe  suppression  are  discussed  in  connection  with  a  practi¬ 
cal  array. 


Note:  =  (|»k,  =  -i/*_k  =  -ip_k, 

l£  0k,  =  -0k,  0_k,  =  -0_k 
and  o_k  =  180  -  0k 

4.4  Beamwidth  Variation  In  Symmetrical  Circular  Arrays 

For  certain  applications  It  Is  desirable  to  change  the  azimuth  beam- 
width  on  a  given  antenna  configuration  In  order  to  meet  changing  operational 
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requirements.  There  are  two  ways  of  achieving  varying  beamwldth  with  a 
circular  array: 

1)  Change  of  ring  diameter 

2)  Change  of  sector  angle 

If  a  fairly  continuous  coverage  of  beamwldths  Is  attempted  using  method  1),  the 
ring  diameters  have  to  fall  close  together.  The  following  table  shows  the  ring 
diameters  and  the  associated  beamwldths  for  an  array  containing  one  center 
element  and  up  to  six  rings  around  it,  where  the  element  spacing  within  each 

ring  is  exactly  0 . 25  X . 1  * 


TABLE  I 

(Beamwldths  to  20  db  points) 


Number  of 

Rings 

Number  of 
Elements 

Maximum 

Diameter 

Beamwldth 

(degrees) 

1 

5 

0.318 

124 

2 

13 

0.636 

74 

3 

25 

0.955 

56 

4 

41 

1.272 

39.1 

5 

61 

1.59 

36 

6 

85 

1.91 

26.3 

It  should  be  noted  that  for  the  narrower  beamwidths  all  the  interior 
rings  have  to  be  used  simultaneously,  thus  resulting  in  a  large  number  of 
elements.  Feeding  one  ring  at  a  time  is  problematic  for  concentric  ring 
arrays  with  such  close  spacing  because  the  other  rings  get  excited  parasitically. 
In  method  2),  the  beamwldth  of  the  array  is  changed  by  letting  the  elements 
cover  only  a  limited  sector  of  the  ring.  This  reduces  the  effective  aperture 
according  to  Figure  4: 

DJ  =  Dx  •  sin  |  (22) 


where  a  is  the  sector  angle,  are  the  numeric  diameters  of  the  array 

in  multiples  of  wavelengths.  The  azimuth  beamwldth  of  the  array  is  then  (for 
constant  element  weight) 


B  =  4  arc  sin 


1.13 

2*°* 


(23) 


^From:  H.  P.  Neff  and  J.  D.  Tillman,  "Electronically  Scanner' Circular 
Antenna  Array",  1960  IRE  Convention  Record,  pp  41-47. 
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Fig.  4:  Double -Arc  Circular  Array 

This  formula  holds  with  good  approximation  for  sector  angles  between 
180  degrees  and  about  60  degrees.  From  here  on  down  the  double-arc  con¬ 
figuration  acts  more  like  a  linear  double  aperture,  its  beamwidth  thus  being 

B  =  2  •  arc  sin  k  (24) 

Vlnf 

where  k  is  a  constant  depending  on  the  degree  of  uniformity  achieved  in  the 
projected  aperture,  and  f(o)  a  correction  term  such  that 

Um  sln‘'  f  ^  *  =  C0B"1  257  1251 

a  — •  o  sin  ^  \ 

which  is  determined  by  the  maximum  beamwidth  obtainable  by  two  point  sources 
Dx  apart. 

The  azimuth  beamwidth  can  thus  be  varied  In  increments  dictated  by  the 
element  spacing.  As  the  beamwidth  is  increased,  the  stdelobes  In  the  elevation 
pattern  increase  also,  until  they  are  as  large  as  the  main  lobe,  which  happens 
for  a  <  22  degrees.  At  the  same  time  a  backlobo  develops  in  the  azimuth 
pattern  which  has  almost  equal  magnitude  as  the  forward  beam,  but  narrower 
beamwidth.  Because  of  this  backlobe,  the  limiting  sector  angle  for  unidirec¬ 
tional  operation  is  or «  45  degrees,  with  a  corresponding  beamwidth  of  about 
27  degrees.  Bi-directional  operation  is  possible,  with  good  sidelobe  supp¬ 
ression,  down  to  0-^20  degrees,  with  a  beamwidth  of  about  38  degrees. 

(These  values  are  for  uniform  amplitude  distribution.  Small  Increases  in 
beamwidth  can  be  achieved  by  varying  the  amplitude  taper  across  the  arcs. ) 
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Figure  5  shows  the  beamwldth  variation  which  can  be  expected  for 
certain  sector  angles.  In  curve  I  the  theoretical  beamwldth  Is  shown  for  a 
full-ring  circular  array  with  equidistant  element  spacing  and  uniform  amplitude 

weight,  where  the  diameter  decreases  with  sin  ^  ,  The  narrowest  beam,  for 

a  4X  diameter  array,  Is  10.2  degrees. 


For  Curve  II  the  element  spacing  In  the  ring  was  corrected  so  that  It 
would  produce  a  fairly  uniform  linear  projected  aperture  for  the  larger  sector 
angles,  The  element  weighting  was  also  constant.  The  values  for  the  beam- 
width  were  then  computed  using  formula  (17)  and  are  shown  in  Curve  II.  Curve 


III  shows  the  values  of 


for  the  use  of  formula  (24)  as  deduced  from 


the  computed  beamwldth  values. 


IITmEORETiCAL 

(UNCONNECTED) 

BEAMWiOTh 


0,««  D.  SlN  i 
*  2 

D)  COMPUTED  BEAMwiDTh 

Element  spacing 

CORRECTED  FOR 
UNIFORM  PROJECTED 
aperture  illumination 


B  >  2  A  A  •  AZIMUTH 

BEAMWIOTM 


•  •SECTOR  ANCLE 


90  85  BO  7 S  TO  6S  60  SS  SO  as  AO  JS  30  2S  20  IS  10  5  0 


Fig.  5:  Beamwldth  Variation  With  Sector  Angle  for  Circular  Array,  D=4X 
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Pattern  Computations  for  Circular  Sector  Arrays  of  4X  Diameter 


-  to  OACATOGS 

/ 


5. 1  Full  Circular  Array  (180  Degree  Sector) 

A  single  beam  is  obtained  If  the  elements  are  phased  according  to 
equation  (10).  (See  Fig.  6)  The  narrowest  possible  beam  is  produced  by  an 
array  having  a  certain  minimum  number  of  elements  spaced  equldlstantly 
around  the  full  circumference,  with  all  elements  excited  by  currents  of  equal 
amplitude.  The  beam  thus  obtained  hac  an  azimuth  3  db  width  cf  about  10. 2 
degrees,  and  the  first  sldelobe  is  down  -7.  9  db  from  the  maximum. 

The  minimum  number  of  elements  is  dictated  by  the  maximum  spacing 
between  elements  which  does  not  result  in  excessive  deviation  of  the  resultant 
azimuth  pattern  from  the  JQ  pattern.  This  maximum  spacing  has  beer,  computed 

to  lie  between  0.25  and  0.5X.  Figure  7  shows  that  for  0.5\  element  spacing 
sidelobes  of  -16  to  -19  db  appear  in  the  azimuth  range  from  160  to  180  degrees. 
The  elevation  pattern  (Fig.  8)  Is  constant  up  to  an  element  spacing  of  about 
0.  75 X  and,  therefore,  does  not  have  to  be  considered  here.  (The  first  side- 
lobes  are  smaller  than  -7.  9  db,  because  the  angular  incremunts  were  not 
taken  fine  enough). 

If  the  total  number  of  elements  required  for  a  perfect  J  pattern  is 

distributed  equldlstantly  around  the  circumference,  the  available  number  of 
elements,  and  their  positions,  are  predetermined.  In  Figure  9  the  arrangement 
of  48  elements  is  shown,  with  symmetry  of  the  feed  structure  determining  the 
assumed  beam  direction,  and  Figure  10  and  Figure  11  shows  two  possible 
equidistant  arrangements  of  elements  using  less  than  the  total  number.  If  every 
other  element  is  used  (Figure  10)  we  have  a  spacing  of  0.524X,  and  slightly 
Increased  backlobes  can  be  expected  (Fig,  12).  If  every  third  element  is  used 


15-13 


(Fig.  11),  a  strong  sidelobe  oi  about  -j  db  apjxearu  at  90  degrees  azimuth  and 
ll>  practically  Invariant  of  any  amplitude  weight  over  t be  array.  (Fig.  13). 


5.2  Space -1  a  pc  red  Sector  Array 


The  first  sidclcbe  can  now  be  Improved  by  amplitude  weighting  of  the 
elements,  or  by  non-uniform  element  spacing,  tbe  latter  bslng  essentially  a 
non-uniform  amplitude  distribution  over  a  uniform  array.*  Figure  14  shows 
how  32  elements  can  be  selected  in  the  48-«leMe»t  array,  thus  preserving  ewn 
symmetry  in  the  feed  structure,  and  reducing  the  element  spacing  to  a  value 
where  thr  residual  terms  in  the  Bessel  approximation  ol  the  ring  array  pattern 
are  negligible,  and  also  reducing  ine  mutual  coupling  In  those  portions  of  the 
array  which  have  large  phase  differences.  Figure  15  shows  tiie  computed 
patter^e  for  the  array  of  Figure  K  The  effect  of  nor-unifonr  element  spacing 
In  circular  arrays  becomes  evident  li  we  consider  the  change  (n  prelected  ele¬ 
ment  spacing.  Whereas  a  straight,  uniform  linear  array  would  have  a  -13.5  db 
first  eidclobe  tor  uniform  amplitude  distribution,  the  projection  of  the  elements 
In  a  circular  array  shows  increasing  element  density  towards  the  outer  edges  of 
the  array.  Th<s  is  a  type  of  spacing  which  is  directly  opposite  to  the  type  of 
spacing  required  for  reduced  first  aldelobo  level.  Consequently,  '.bo  first  Hide- 
lobe  is  only  -7.9  db  down  from  the  main  beam.  !n  order  to  re-establish  uniform 
element  spacing  In  the  projection  of  a  circular  array  with  symmetrical  feed 
structure,  the  element  sparing  within  the  ring  has  to  be  (Kl^uro  16): 


3  -  S.  -  sec  w 
c  L  m 


(26) 


where 


SC  retIulred  circular  (polygon)  spacing  between  element  (nj  and  (n-T) 

(27) 


om  mean  nngle  off  broadside,  such  that 


o+o  , 
n  n-- 1 


ru 


with 


o  -  u  in 
n 


-1 


(n-1 )  Sj  ]  j 


R 


0  -  sin 

i>  ■  t 


-1  f  n  SI. 


0  <  n  aL  <  rt 


(28) 


n  1,  2,  3...  ~ ~ 


N  ocki 


(29) 


♦Soo:  Roger  K.  Hartinpton,  "Side*  i»be  Reduction  by  Non luiiiorm  Element 
Spacing',  Report  f’o.  El  492-6008  T  li,  Syracuse  University  Research 
institute,  Task  Report  No.  11,  under  RADC  Contract  No,  TN-60-115, 
August,  I960. 
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for  an  even  number  of  elements. 

With  only  discrete  element  positions  available,  the  optimum  positions 
according  to  (26)  could  only  be  approximated  anyway.  If  additional  nonuniform- 
ity  for  near-angle  side  lobe  suppression  is  desired,  an  Increase  In  spacing  Is 
chosen  which  is  larger  by  a  certain  amount,  such  that  the  required  amount  of 
increase  in  consecutive  projected  element  spacing  is  achieved.  Thus, 


=  ST  sec<z> 
l  m 


+  A  S  (0  ) 


(32) 


where  A  S  (0)  is  the  additional  progressive  increase  Indicated  by  the  sldelobe 
suppression  technique.* 

It  should  be  mentioned  here  that  this  technique  will  decrease  the  near¬ 
beam  sidelobes,  but  it  will  also  increase  the  sidelobes  at  large  angles  off 
beam.  A  compromise  is  indicated,  therefore,  and  with  the  limited  number  of 
element  positions  available  in  the  48-element  array,  not  too  fine  a  control  of 
the  projected  spacing  Is  possible.  Both  (26)  and  (32)  can  be  approximated 
with  Increasing  accuracy  as  the  total  number  of  elements  in  the  array  Is 
Increased. 

5.3  Single  Beam  Array  with  Double-Arc  Feed  of  Reduced  Sector  Angle 

The  azimuth  beamwidth  can  be  increased  according  to  formula  (11-11) 
by  reducing  the  sector  angle  of  that  portion  of  the  array  which  is  covered  by 
the  feed  structure.  For  example,  in  the  case  of  4X  diameter,  a  90  degree 
double-arc  array  has  a  beamwidth  between  16  and  20  degrees,  depending  on 
the  uniformity  of  the  projected  aperture  and/or  the  amplitude  taper  across  the 
arcs,  and  a  45-degree  double-arc  array  has  a  beamwidth  of  25  to  30  degrees 
in  azimuth.  For  a  48-element  array,  we  have  to  choose  other  sector  angles 
than  exactly  90  or  45  degrees.  Figure  17  shows  a  112.5  degree  array,  and 
Figure  18  a  52.5  degree  array.  The  patterns  of  these  arrays  are  shown  in 
Figures  19  and  20.  These  two  sector  angles  are  covered  by  16  and  8  elements 
respectively,  thus  providing  even  symmetry  in  the  feed  network  and  avoiding 
3:1  power  dividers.  The  beamwldths  are  accordingly  narrower  -  about  13  deg¬ 
rees  minimum  for  the  112.5-degree  array,  and  about  24  degrees  for  the  52.5- 
degree  array. 


♦Since  the  elements  close  to  the  center  of  the  array  have  a  smaller  spacing 
than  In  the  case  of  the  uniform  array,  S  will  take  on  negative  values  for 
these  elements. 
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The  patterns  of  two  sets  of  adjoining  22. 5-degree  double  arcs  (Ftgure  21) 
will  overlap  approximately  at  the  3  db  points,  If  one  element  between  each  arc 
is  not  used  so  that  it  can  act  as  a  buffer  element  against  mutuals.  This  means 
that,  by  arranging  the  feed  Into  several  double-arc  feeds,  which  can  be  selected 
separately,  it  is  theoretically  possible  to  cover  a  360-degree  range  In  azimuth 
with  10  discrete  bl-dlreotlonal  (figure-eight)  beams,  each  having  37-degree 
beamwldth  and  accordingly  reduced  gain  as  compared  to  the  full  ring.  The 
arrangement  of  the  feeds  and  their  beam  directions  are  shown  In  Figure  22. 

The  gain  reduction  Is  due  to 

1.  the  Increase  In  azimuth  beamwldth 

2.  the  Increase  in  elevation  sldelobe  levels,  the  gain  in  elevation  almost 
entirely  being  determined  by  the  element  pattern 

3.  the  Increased  backlobe  In  azimuth,  which  for  a  22.5-dfegreo  double 
arc  Is  only  down  -0,5  db  from  the  forward  beam,  and  has  a  beam- 
width  of  ~28  degrees. 

Amplitude  tapers  across  the  array  for  narrow  sector  angles  have  a 
tendency  to  further  increase  the  backlobe,  and  Improve  the  near  sidelobes  as 
in  a  linear  array  due  to  the  fact  that  the  projection  Is  almost  uniform  anyway. 

The  full  ring  (=180-degree  double-arc  configuration)  has  a  gain  of 
about  18  db,  the  90-degree  double  arcs  have  a  gain  of  at  least  15  db,  and  the 
45-degree  double  arcs  lie  In  the  neighborhood  of  12  db.  (The  double  arcs 
shown  have  higher  gains,  of  course,  because  of  the  narrower  beam  widths  as 
compared  to  the  exact  "90-degree"  and  "45-degree"  double  arcs).  Directive 
gain  was  computed  for  a  slightly  different  diameter  (even  13 X  circumference). 
Fign.  23  and  24  summarize  azimuth  and  elevation  main  beams  for  various 
sector  angles. 

As  the  sector  angle  is  decreased,  below  52.5  degrees  in  the  48-element 
case,  the  behavior  of  the  array  approaches  that  of  the  double-element  configura¬ 
tion,  which  has  16  lobes  (for  a  diameter  of  4X)  of  equal  magnitude,  the  beam- 
width  of  the  front  and  back  lobes  being  a  maximum  46.2  degrees.  This  Is, 
therefore,  the  limiting  main  beamwldth  which  can  be  achieved  with  a  circular 
array  of  4X  diameter  In  the  double-arc  configuration.  Needless  to  say,  It  is 
Impractical  to  approach  this  beamwldth  because  of  the  power  radiated  In  un¬ 
desirable  directions.  Even  if  tho  backlobe  were  useful,  the  14  sidelobes 
would  represent  a  prohibitive  gain  reduction  and  Invite  jamming.  When  larger 
azimuth  coverage  than  approximately  30  degrees  is  desired,  it  is  thus  neces¬ 
sary  (for  this  array  size)  to  use  several  simultaneous  beams. 

5.4  Multi-Ring  Arrays  of  Large  Diameter 

5.4.1  General 


As  the  diameter  of  a  stngle-ring  array  Is  Increased,  and  if  the  side¬ 
lobes  are  to  be  kept  reasonably  low,  concentric  interior  rings  of  elements  can 
be  added.  This  Is  particularly  advantageous  when  steering  to  higher  elevation 
angles  Is  desired.  As  an  example,  the  same  flat  ring  array  configuration  might 
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Fig.  19:  48-Element  Array,  32  Elements  Selected  in  112-5-Degree 

Configuration  S^0.26  Uniform  Amplitude  Distribution  < 
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Fig.  21:  48-Element  Array,  8  Elements  Selected  In  22.5-Degree 
Double-Arc  Configuration 
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Fig.  24:  48-Element  Array,  Elevation  Main  Lobe,  Double-Arc 

Configuration,  Isotropic  Sources  with  Constant  Amplitude 


j 
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be  used  at  angles  near  the  horizon  for  radar  and  terreattai  communication*, 
and  at  angles  near  zenith  for  satellite  communications.  (Assuming,  of  course, 
the  array  has  the  required  bandwidth  capability.)  By  using  a  combination  of 
elements,  e.g. ,  an  endflre  dieleotric  antennA  and  a  c&ploadod  folded  nu-nopete, 
essentially  hemispherical  coverage  can  be  achieved,  our  set  of  elements  being 
scanned  to  *  30  degrees  from  zenith,  the  other  from  there  or  down  to  horizon. 

If  both  elements  were  at  the  same  location,  a  minimum  -mutual-coupling  ele¬ 
ment  arrangement  could  be  found,  for  instance,  by  feeding  th-  dielectric  end- 
fire  elements  through  the  folded  portion  of  the  folded  ironopok*. 

The  two  elements  would  not  have  to  operate  at  the  same  frequency. 

For  optimum  sidelobe  conditions,  It  also  may  be  required  to  use  a 
different  array  configuration  for  the  two  extreme  cases  of  beam  position, 
operation  at  zenith  and  operation  at  horizon. 

Since  a  single  ring  of  the  diameter  required  for  tv  desired  beamwfdth 
would  have  -8  db  sidolobes  around  zenith,  and  can  only  tw.’  Improved  to  -  -1  •  db 
at  horizon,  it  is  more  or  less  imperative  to  use  a  continuous  circular  :q<errure 
for  good  sidelobe  suppression.  For  a  circular  grid  of  dements  spiced  half  a 
wavelength,  the  number  of  elements  becomes  very  large  lor  any  reasonably 
large  diameter.  For  instance,  if  we  have  an  array  of  20  wavelength?  vinau-ler, 
which  would  result  in  a  bearmvldth  at  zenith  af  about  2  degree?-,  then  wr  r;c‘r »J 
20  rings,  spaced  half  a  wavelength  apart,  with  a  rotal  nu'nlxT  ot  )2ni  ckimM.vs 
This  number  is  obtained  by  assuming  20  rings  with  a  diameter 

Dm  --  mA  s  .Vi  ¬ 

and  a  number  of  elements  per  ring: 

N  ~  fim  l  i'oi  > 

m 

with 

m  -  0,  1,  2,  3  ...  M 
the  total  number  of  elements  is  then 

^  M  -t  1 

£  Nm  NM  <2r6M>  (Vi; 

m^o 

The  formula  for  N  is  obtained  by  dividing  the  cu‘ru,T.:e  rente  or  tlx1  ronsecctfuR 
rings;  by  the  element  spacing  on  the  rings,  or  half  .•  wavelength,  and  then  taking 
the  next  higher  integer  in  order  to  assure  that  the  elcnen'.  spacing  or.  each  rb)g 
is  a  little  smaller  than  half  a  wavelength. 

Preliminary  investigations  showed  th.-o.  there  m  n-.-.  ,uj  vantage  in  non- 
uniform  ring  spacing  and  that  amplitude  weigh'.*  appiv-d  :>.»  th;-  a  per  h:r '  from 
ring  to  ring  (each  ring  having  the  same  amplitude  for  *11  element?!  only  improve 
the  sidelobes  in  the  broadside  case,  l.e, ,  v-fn.-r,  the  beam  la  poti.U’-.g  at  zenith. 
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In  this  case,  for  a  '‘grid  spacing"  of  up  to  0,  75A  no  pattern  deterioration  will 
occur,  ?.nd  the  near-anglc  sidelohes  can  br  irnpr.^vea  over  the  -17.5  rtb  for  a 
continuous  circular  aperture  by  applying  ’he  necessari  amplitude  weights.  The 
behavior  o(  various  a*  r .’.rgtments  of  rings  ana  eleiireius  on  the  rings  have  been 
Investigated  theoretically  by  using  the  computer  program,  for  u  5-ring  array 
with  20  wavelengths  maximum  diameter.  The  results  are  summarized  In 
Tables  'l  and  3. 

The  various  problems  arising  for  systematic  element  thinning  are 
discussed  in  the  follow ir.g  see* ion. 

5.4.2  Systematic  Element  Ihinntng  in  Multi-HtUg  Arrays 

Ir.  any  array  of  many  rings,  spreed  a  certain  constant  distance  apart, 
sidelobe  enhancement  will  occur  in  azimuth  for  a  certain  angle  off  the  main 
beam  direction  at  which  the  path  difference  from  the*  elements  on  the  ring 
diameters  perpendicular  to  the  lv_ar..  oire.  Uon  Itec-omcs  equal  to  one  wave¬ 
length.  This  path  deference  •-  given  by 

d,  A  R,  sir.c  sin.'  (36) 

A  A 


where 


■cL  path  difference  :n  wavelengths 
AR^  ring  spacing  in  wavelength', 
o  -  azlrr.uth  angle  off  the  beam  axis 


v  elevation  angle  o'  the  beam  axis  off  zenith 


The  criiical  angle  at  which  the  secondary  iobes  occur  (for  a  critical 
pa'.h  diftereace  d  ^,  i a?  ihea  given  by 


crit 


sin 


r 


sir.  V 


t37) 


Ae  an  example,  the  ride  lobe  patterns  for  a  20  A  maximum  diameter, 
5-rinfC  circular  array  with  the  beam  pointing  at  horizon  all  showed  secondary 
lobes  a.‘  30  degrees,  which  agrees  vith  the  critical  angle  from  the  above 

formula  for  s  -  3 0  •  (A  -  2X).  There  Is  also  a  secondary  lobe  close  to 
60  degreos,  which  is  due  to  enhancement  of  conirlbutions  from  elements  on 
the  beam  axis.  (In  thlf  particular  computer  run,  the  first  element  In  each 
ring  was  placed  on  the  beam  axis,  t.e.  <»  -  y»o  =  0.  This  pointr  out  the 

iC'Cesstty  of  i  vend  bp;.  any  element  accumulations. )  A  third  enhancement  took 
place  at  apprcximmoly  ±  90  degrees  (actual  angle  varied  with  element  spacing) 
because  here  all  the  elements  on  the  maximum  diameters  perpendicular  to  the 
beam  direction  are  about  2A  apart,  and  a  fourth  group  of  secondary  lobes 
appears  at  l%0  degrees  off  the  beam  axis.  These  four  types  of  sldelobes  can 
all  be  explained  from  the  above  formula,  the  azimuth  angle  at  which  they  occur 
generally  incrvatlng  as  the  beam  is  moving  up  from  horizon. 
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These  four  types  of  secondary  lobes  are  not  as  strong  as  the  primary 
beam,  of  course,  because  their  enhancement  Is  based  on  a  majority  group  of 
elements  in  line  with  the  beam  axis  and  at  right  angle  with  the  beam  axis;  in 
other  words,  concentration  of  elements  in  the  areas  of  the  greatest  ring  diame¬ 
ters.  If  those  groups  would  deteriorate  into  two  perpendicular  linear  arrays 
(e.g.  Mills  Cross),  the  echelon  lobes  would  be  of  the  same  amplitude  as  the 
main  beam. 

A  general  increase  in  backlobes  is  observed  for  IX  element  spacing 
versus  0.25X,  but  this  has  been  shown  to  be  a  general  property  of  single  rings 
also,  and  is  independent,  of  the  echelon  lobe  formation. 

The  elevation  patterns  of  the  multi-ring  array  also  showed  two  second¬ 
ary  lobes  which  exceed  the  ordinary  sidelobe  pattern. 

Iii  an  attempt  to  eliminate  all  these  secondary  lobes,  elements  were 
arranged  in  a  completely  symmetrically  thinned  configuration,  so  that  the 
element  spacing  was  smaller  than  one  wavelength  in  the  critical  areas  pointed 
out  above.  From  single  ring  investigations  it  is  safe  to  increase  the  element 
spacing  v  *he  rings  up  to  about  one  wavelength,  as  far  as  the  elevation 
pattern  '  rned,  and  up  to  half  a  wavelength  with  respect  to  the  azimuth 

pattern,  wne  possible  configuration,  leaving  the  element  spacing  in  the  radial 
direction  fixed  at  half  a  wavelength  and  varying  it  around  the  circumferences, 
iS  shown  In  Figure  25.  Here,  the  element  spacing  within  the  rings  varies  from 
a  maximum  of  1.24X  (ring  number  4  from  outside)  to  a  minimum  of  0.  35X  (ring 
number  10,  or  innermost  ring. ) 

The  resultant  patterns  show  a  much  greater  uniformity  of  the  sidelobe 
levels  (Figures  2G  and  27).  The  total  number  of  elements  is  greater  than  in 
the  case  of  a  multi-ring  array  as  described  previously,  but  this  configurator 
may  have  to  be  chosen  in  cases  where  the  sidelobe  requirements  do  not  allow 
the  type  of  sidelobe  enhancement  present  In  the  multi-ring  array. 

5.4.3  Conclusions 


If  sidelobes  of  a  certain  maximum  level  can  be  allowed,  either  because 
the  system  requirements  are  not  so  much  demanding  low  sidelobes  but  rather 
high  directive  gatn,  or  because  the  angular  regions  In  which  they  occur  are 
being  elimlnared  by  the  element  pattern,  then  a  multiple-ring  array,  i,e.  an 
array  with  large  spacings  in  terms  of  wavelengths  between  the  rings  and  small 
spacings  within  each  ring,  will  provide  solutions  to  a  given  gain  requirement 
which  have  a  minimum  number  of  elements  and  still  have  the  low  first  sidelobe 
(or  close  to  it)  characteristic  for  a  continuous  circular  aperture. 

If  larger  volumes  have  to  be  covered,  or  certain  maximum  sidelobes 
have  to  be  observed,  either  random  thinning,  or  a  symmetrically-thinned  array 
configuration  can  be  chosen,  the  amount  of  thinning  possible  again  depending 
on  the  sidelobe  levels  that  can  be  tolerated. 


Table  2 


F 

p 

1 
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MULTI-RING  ARRAY 

5  RINGS,  CONSTANT  SPACING;  D  =  20  X 

max 

S  =  Element  Spacing  Within  Rings 
N  =  Number  of  Elements 
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Table  3 


MULTI-RING  ARRAY 

5  RINGS,  CONSTANT  SPACING;  Dmtx  =  20X 


S  -  Element  Spacing  Within  Rings 
N  =  Number  of  Elements 
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6.  Scanning,  Bandwidth  and  Mutual  Coupling  Considerations 

6. 1  Comparison  of  Scanning  Approaches 

A  Wullenweber  antenna  Is  usually  scanned  with  a  mechanically  rotated 
capacitive  coupling  structure.  The  same  approach  is  possible  for  a  full  ring 
array,  but  it  may  not  be  desirable  because  of  the  relatively  low  scanning 
speeds  possible,  and  the  mechanical  wear  of  the  system.  Two  other  scanning 
techniques  are  the  sequence  current  concept  and  modulation  scanning. 

Both  use  a  sampling  gate  to  allow  observation  of  a  particular  beam 
direction,  because  the  beam  Is  scanning  continuously.  The  modulation  scan¬ 
ning  technique  has  the  disadvantage  of  low  element  utilization  (because  the 
backlobe  has  to  be  blacked  out),  of  poor  elevation  directivity  and  a  large  sig¬ 
nal  processing  bandwidth.  (The  bandwidth  is  approximately  N*  A  f,  where  N 
is  the  number  of  array  elements,  and  A  f  the  information  bandwidth. )  For 
these  reasons  a  fourth  method,  the  Incremental  beamsteering  (or  beam 
switching)  technique  is  suggested  in  connection  with  a  broadband  binary  sym¬ 
metrical  beamforming  network. 

For  a  requirement  of  360'  azimuth  scanning  or  beam  steering  (either 
for  search  or  for  varying  operating  conditions  and  directions,  as  in  mobile 
applications,)  this  type  of  circular  array  shows  a  definite  advantage  in  gain- 
bandwidth  product,  as  we  shall  see  below,  provided  that  true  time  delay  is 
employed,  rather  than  modulo  2 it  phasing.  With  true  time  delay,  and  broad¬ 
band  radiating  elements,  the  array  factor  is  the  only  limitation  to  the  band¬ 
width  of  the  array  as  compared  to  the  modulo  lit  phasing  schemes,  where  the 
instantaneous  bandwidth  is  approximately  given  by 

Af  «  PT  (38) 

u\ 

which  means  it  cannot  exceed  the  center  frequency  divided  bv  the  aperture  in 
wavelengths.  In  the  case  of  e.g. ,  a  5X  -  diameter  array,  the  maximum  band¬ 
width  with  this  type  of  phasing  arrangement  would  be  approximately  20%, 
whereas  a  true  time  delay  phased  array  has  at  least  octave,  and  conceivably 
3:1  frequency  range.  This  array  is,  therefore,  very  useful  for  multifunction 
systems  accommodating  direction  finding,  communications,  data  and  control 
links,  and  radars  within  the  same  aperture. 

6. 2  Scanning  of  Ring  Arrays  with  Binary  Symmetrical  Feed  Structure 

The  binary  symmetrical  feed  network  allows  a  maximum  of  beam 
forming  flexibility.  The  possibility  of  operating  a  single-ring  array  either 
In  an  omnidirectional  mode,  or  covering  one  or  more  directions  with  narrow, 
high-gain  beams  has  been  investigated  (Ref.  4)  and  numerous  beam  combina¬ 
tions  with  their  associated  directivity  gains  were  synthesized.  In  all  cases, 
the  assumed  beam  forming  matrix  consisted  of  a  signal  combining  (or  dividing) 
network  with  binary  distribution,  and  phasors  which  could  be  either  of  the 
modulo  2-  type,  or  true  delay  lines  such  as  coax  or  stripline.  For  simultane¬ 
ous  beams  into  different  directions  one  has  the  option  of  either  having  several 
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beams  formed  by  using  several  double-arc  configurations,  In  which  case  the 
directivity  (and  the  absolute  gain)  is  reduced  by  3  db  each  time  the  beam 
number  is  doubled,  or  by  using  signal  dividers  at  the  elements,  in  which  case 
the  directivity  is  preserved,  but  the  absolute  gain  is  reduced  as  above.  (The 
latter  case  obviously  requires  much  more  complex  feed  structures,  and  would 
only  pay  off  if  directivity  is  of  importance.) 


Broadband  operation  is  possible  through  the  use  of  true  time  delay,  even 
though  modulo  2 ir  phasing  is  always  possible,  of  course.  Unless  the  aperture 
is  very  large,  or  the  frequency  is  very  low,  the  required  delay  times  can 
easily  be  accomplished  with  coaxial  or  strip  transmission  lines.  The  required 
time  delay  is  given  by 


or 


(39) 


T  = 


where  0. 


D 


(1  +  COS  On)  (40) 

is  the  angular  position  of  element  n  relative  to  the  beam  axis,  from 
the  center, 

is  the  distance  of  element  n  to  the  phase  reference 

is  the  phase  velocity  of  the  received  signal  in  free  space  (usually 
the  speed  of  light. ) 

is  the  diameter  of  the  ring  (in  the  same  units  of  length  used  for  V). 


Since  negative  time  delay  Is  impossible,  the  phase  reference  wiil  be  at 
the  periphery  of  the  ring,  and  the  maximum  delay  line  length  required  (for  the 
element  located  opposite  the  phase  reference)  is  given  by  (Fig.  28): 


V 


x  AT 


max 


=  L  = 


D 


(41) 


where  ef  is  the  relative  dielectric  constant  in  the  cable,  (for  most  cables 

1/  -  0.69. )  An  array  phased  in  this  manner  (’co-phasal'  excitation)  can 

now  be  operated  over  a  large  bandwidth  and  is  limltt  1  only  by  sldelobe  per¬ 
formance  and  gain  variation  dictated  by  the  array  facnr.  By  proper  distri¬ 
bution  across  the  aperture  an  optimum  trade-off  betu  ^en  sldelobes  in  azimuth, 
sidelobes  in  elevation  and  gain  can  be  achieved. 

This  type  of  array,  with  fixed  phasing  for  a  certain  beam  direction, 
can  now  be  steered  in  azimuth  by  switching  the  antenna  element  feed  lines  to 
different  output  ports  of  the  feed  network.  For  N  antenna  elements  and  M 
output  ports  N  x  M  switches  are  required  to  cover  360  degrees  in  azimuth  with 


i 
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N  overlapping  beam  positions.  In  general,  a  3  db  overlap  will  be  sufficient, 
but  If  a  smaller  gain  variation  Is  desired,  a  larger  number  of  elements  can  be 
used.  (Fig.  29). 

(i.3  Array  Bandwidth  Considerations 

The  bandwidth  of  the  binary  symmetrical  corporate  feed  can  easily  be  as 
high  as  10:1  using  broadband  techniques  such  as  ferrite-core  hybrids  at  fre¬ 
quencies  up  through  UHF,  and  log-periodic  structures  at  microwave  bands. 

This  includes  fixed  delay  lines.  The  bandwidth  limiting  components  are  thus 
swltchesused  in  the  commutator,  amplifiers  (if  used,  e.g. ,  to  improve  the 
transmit  efficiency),  the  array  elements  themselves,  and  the  array  factor. 

Using  ordinary  monopoles  or  dipoles,  even  with  small  length-to- 
dlameter  ratios,  less  than  an  octave  bandwidth  can  be  expected  from  the  array 
elements.  Considerable  improvement  is  possible  by  using  two  elements  In  a 
complementary  pair  configuration  (Ref.  5).  One  possible  configuration  con¬ 
sists  of  two  identical  monopoles  in  an  endfire  pair,  the  impedance  of  one  being 
externally  complementarized  with  respect  to  the  other.  Another  configuration 
would  be  a  slot-monopole  or  slot-dipole  pair.  Depending  on  the  allowable 
efficiency,  in  excess  of  10:1  bandwldths  have  been  reported.  (Ref.  6). 


Fig.  28:  8-Port  Binary  Symmetrical  Beam  Forming  Network  for 
Space-Tapered  Excitation  of  12-Element  Circular  Array 
Using  Time  Delay  Phasing 
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The  array  factor  bandwidth,  finally,  depends  at  one  extreme  on  the 
number  of  elements  one  Is  willing  to  use  within  a  given  aperture,  i.e. ,  the 
tolerable  element  cost,  and  at  the  other  extreme  on  the  maximum  tolerable 
stdelobe  level,  at  a  certain  elevation  angle. 

For  stdelobe  levels  around  10  dB,  the  computer  analysis  presented  In 
this  paper  has  shown  that  element  spaclngs  of  several  wavelengths  can  be 
tolerated.  From  Table  3,  e.g. ,  we  find  that  the  5-rlng  array  (with  a  rlng-to- 
rlng  spacing  of  ~2.2  wavelengths)  will  exhibit  a  maximum  azimuth  pattern 
stdelobe  of  ~12  dB  for  2  wavelengths  element  spacing  on  each  ring.  Since 
gain  variation  with  frequency  Is  Inevitable  in  broadband  fixed-aperture  antennas, 
the  conclusion  Is  that  for  12  dB  stdelobe  level  this  array  can  be  thinned  to 
about  10%  element  density  at  the  highest  frequency,  amounting  to  about  40% 
density  at  the  lower  end  of  an  octave  band.  For  more  stringent  stdelobe 
requirements,  the  element  density  at  the  high  end  will  have  to  Increase,  until 
the  array  Is  denser  than  the  conventional  half-wave  grid  at  the  low  end  of  the 
band.  Multifunction  broadband  arrays  In  general,  and  circular  arrays  In 
particular,  will  thus  have  to  be  designed  so  that  their  most  sidelobe-sensittve 
functions  are  occupying  the  lowest  operating  frequencies  of  the  available  array 
bandwidth.  This  means  that,  generally,  radar  functions  will  have  to  be  accom¬ 
modated  at  the  low  end  of  the  band.  In  any  event,  the  near-normal  element 
densities  at  the  low  frequency  end  will  give  rise  to  significant  mutual  coupling. 

Of  all  radiating  elements  tested  so  far,  only  externally  complementarlzed 
complementary  pair  configurations  have  exhibited  the  required  mutual  coupling 
resistance  for  spacings  of  less  than  half  a  wavelength,  measurements  being 
available  for  spaclngs  as  low  as  0. 1  wavelengths. 

Electrically  large  radiating  elements,  such  as  log-periodic  monopole 
arrays,  are  relatively  poorly  suited  for  use  in  circular  arrays,  because  their 
performance  deteriorates  rapidly  in  strong  mutual  coupling  environment,  and 
because  their  phase  centers  move  along  the  log-periodic  structure  as  a  func¬ 
tion  of  frequency.  This  aggravates  the  frequency  dependence  of  the  beamwidth 
further,  the  maximum  effective  array  aperture  coinciding  with  the  maximum 
frequency,  so  that  the  aperture  in  terms  of  wavelengths  Increases  almost  with 
the  square  of  the  frequency. 

To  determine  the  practical  performance  of  endfire  complementary 
monopole  pairs,  an  eight-pair  circular  array  was  designed,  which  is  now 
described. 

7.  Broadband  Circular  Array  Test  Results 

A  dual-ring  array  of  eight  elements  per  ring  and  one  wavelength  diame¬ 
ter  at  400  MHz  was  designed.  (Ref.  7. )  Two  adjacent  elements  were  grouped 
together  to  form  an  endfire  monopole  pair.  (Fig.  30. )  The  individual  direc¬ 
tional  patterns  are  very  broad,  so  that  only  a  small  amplitude  taper  results 
from  the  fact  that  the  edge  pairs  are  not  operating  at  the  peak  of  their  cardioid 
patterns.  (Fig.  31).  The  mcnopoles  used  for  the  model  had  a  helght-to- 
dlameter  ratio  of  3.  2:1  for  the  center  ring,  and  a  ratio  of  ~4.-l  for  the  outer 
ring.  The  spacing  between  rings  was  a  quarter  wavelength  at  400  MHz,  and 
the  spacing  between  elements  in  the  outer  ring  was  0.38  wavelengths  at  400  MHz. 
The  element  spacing  at  the  lowest  frequency  measured,  i.e. ,  200  MHz,  was 
thus  0. 19  for  the  elements  in  the  outer  ring.  The  spacing  between  elements  on 
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CPEG  BEAM  DIRECTION 


Fig.  30:  CPEG  Phasing  Principle 


Cb 


Fig.  31:  CPEG  Pattern  Utilization 


the  Inner  ring  was  about  0. 1  wavelengths  at  200  Mil?..  Ahe  mesieured  input 
impedance  of  an  etght-por  hybrid  fos^d  network  filing  the  Might  compkmMuary 
pairs,  with  time  delay  coinpenHntl'.m  iu  th*?  direction  of  propagation  as  ahcwn 
in  Fig.  28,  is  depicted  in  Fig.  32.  The  impedances  were  somewhat  improved 
by  the  loss  of  the  feed  ne.work,  which  wai?  Hbc**i  '-l  dll  -n  the  highest  frequency, 
and  about  1  dB  at  the  lowest  frequency. 

Slum  patterns  for  the  array  are  sh own  In  Figs.  33  to  r*r»,  and  difference 
patterns  (obtained  by  feeding  th-»  two  halves  of  the  array  perpendicular  to  the 
sum  beam  direction  I9h  degrecr.  out  of  phaiw)  are  given  in  Figs.  36  and  37. 

The  sidelobe  p»  rforinar.ee  is  about  as  »%>uy  be  expected  for  the  small 
element  number  (8  effective  dementi;  in  a  virtual  4 -element  broadside  arru\ 
configuration).  To  determine  array  matching  fettle  to.-tcles,  all  powers  In  the 
CPEG  (  »  Complementary  lvj|r  Element  Group)  hybrid  difference  )x>rts,  and 
in  the  feed  network  difference  uortt,,  were  rr.vasuttxl  and  added  op.  Net 
efficiency  (excluding  feed  non*  mo-  ohmic  !'»*(«*»,  which  could  >;  ell  minced 
by  using  amplifiers  it  each  (  J‘FG  input*  vas  90%  at  200  MWz,  and  about 
70%  at  400  MHz. 

8.  Element  Ha  -dening  Aspo'tv 

To  protect  the  tanl-.r.i*i,  element  from  environmental  damage.  some 
studies  were  performed  on  potential  bscd.  rudin'-cr  designs.  (Kef  ,'i,  4.) 

Fig.  38  shows  a  proposed  eUetrloatly  *mrj!  hard  cap-loaded  folded  monopole, 
which  can  be  usee,  over  a  t-’iiriv  wide  band  to  'uniat-  and  can  be  .storca  meehanl- 
cally  for  maximum  protection  Similar  units  could  be  designed  for  near- 
resonant  size,  aud  broadbanded  by  ucing  them  In  complementary  poire.  A 
more  conventional  broadband  turd  radiator  configuration  is  shown  in  Fig.  39, 
Obviously,  ultimate  configuration,  will  depend  heavily  er>  frequency  band, 
bandwidth,  overpressure  awl,  and  elevation  steering  requirements. 
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Fig.  33:  8-CPEG  Circular  Broadband  Array  Directional  Far-Field 
Voltage  Pattern.  Azimuth  Pattern,  0  =  0,  F  =  220  MC 
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Fig.  34:  8-CPEG  Circular  Broadband  Array  Directional 
Far-Field  Voltage  Pattern.  Azimuth  Pattern, 

&  =  0,  F  =  300  MC 
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Fig.  35:  8-CPEG  Circular  Broadband  Array  Directional  Far-Fleld 
Voltage  Pattern.  Azimuth  Pattern,  0=0,  F  =  400  MC 
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Fig.  37:  Difference  Pattern  of  8-CPEG  Circular  Array, 
f  =  400  MHz 
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Fig,  39:  Hardened  Exponential  Monopole 
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1.  INTRODUCTION  AND  SUMMARY 


1.1  INTRODUCTION 

Holography  originated  In  optics,  as  an  imaging  process,  but  it  is  now  being 
developed  for  microwaves.  In  holography,  Images  are  formed  in  two,  distinct  steps. 
In  the  first  step,  called  hologram  formation,  an  object  Is  Illuminated  and  scatters  a 
field  onto  a  detecting  surface,  which  is  a  photographic  plate  for  optical  holography. 
The  detector  is  also  illuminated  by  a  coherent  beam  that  bypasses  the  object.  The 
developed  plate  is  an  Interferogram  but  is  called  a  hologram  because  it  contains  both 
amplitude  and  phase  data.  The  phase  Is  encoded  through  positions  of  the  interference 
fringes.  Images  are  produced  in  the  second  step  when  the  hologram  is  illuminated; 
this  step  is  called  wavefront  reconstruction.  Optical  holography  is  useful  in  data 
processing  and  vibration  analysis  as  well  as  for  image  formation. 

Microwave  holography  is  being  developed  for  many  applications.  These  include 
image  formation,  especially  for  objects  in  optically  opaque  regions.  Holographic 
methods  have  been  used  in  diagnostic  studies  of  antennas  and  of  wave  propagation 
through  radomes  and  plasmas.  In  diagnostic  work  images  are  frequently  useful  for 
locating  reflecting  surfaces;  however,  in  some  cases,  the  holograms  yield  more 
information  than  do  images.  The  development  of  microwave  holography  seems 
reasonable  because  holograms  are  interferogram s  and  because  interferometers  are 
useful  for  measuring  diffracted  microwave  fields.  Complex-valued,  nearfield  data 
are  well  known  to  be  useful  in  computing  farfield  patterns  of  antennas;  this  applica¬ 
tion  clearly  involves  the  sampling  and  transform  methods  that  are  utilized  in  holog¬ 
raphy.  Holography  is  also  related  to  inverse  scattering. 

Microwave  holography  offers  an  approach  to  studying  the  field  distributions  of 
aperture  antennas  and  arrays  as  well  as  those  induced  on  reflecting  objects.  This 
kind  of  application  motivates  the  work  described  in  this  paper.  If  the  resolution 
capabilities  of  microwave  holography  can  be  developed  sufficiently,  then  it  would  be 
useful  in  determining  the  fields  near  an  antenna  without  placing  a  probe  in  the  near- 
field.  This  paper  describes  an  approach  to  improving  and  simplifying  microwave 
holography  for  applications  to  antenna  and  radome  diagnostics. 

Although  microwave  holography  ;s  still  being  developed,  it  has  already  been 
applied  to  many  problems,  with  a  variety  of  techniques.  Probably  the  first  applica¬ 
tion  was  to  forming  images  of  the  ionosphere  by  illuminating  scale-reduced  radio¬ 
wave  sounds.  *  Several  procedures  and  displays  have  been  developed  to  form  visible 
images  when  metallic  and  dielectric  objects  are  illuminated  with  microwaves.  2.3,4 
Images  are  usually  formed  with  laser  light  from  scale-reduced  transparencies  that 
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represent  Interference  patterns  scanned  by  a  probe  antenna  and  represented  by  an 
array  of  lights  or  by  an  oscilloscope.  Binary,  detour-phase,  microwave  holograms 
have  also  been  developed.  ®  Images  have  been  formed  of  concealed  weapons  that  were 
illuminated  by  millimeter  waves,®  Multipath  propagation  in  radomes  has  been  studied 
by  forming  images  of  reflecting  regions;  the  technique  does  not  use  an  explicit  refer¬ 
ence  beam,7  The  double  exposure  method,  developed  in  optics,  has  recently  been 
applied  to  study  deformations  of  large  structures.  ° 


Probably  the  earliest  diagnostic  application  of  microwave  holography  was  made 
in  1950  by  Koch,  who  produced  visible  displays  of  interference  patterns  formed  by  a 
radiating  antenna  and  a  reference  beam.  However  images  were  not  formed  in  this 
early  work.^  More  recently,  microwave  holograms  have  been  used  to  measure  radome 
boreslght  error. 10 


Several  problems  remain  in  doing  microwave  holography.  There  is  apparently 
no  sensitive  and  convenient,  continuous  detector  analogous  to  photographic  film. 
Discrete  antennas  and  conventional  detectors  are  most  common  although  liquid  crystals 
and  specially  processed  films  are  being  investigated.  ^  use  Qf  discrete 
antennas  introduces  sampling  notions;  for  example,  a  probe  antenna  must  be  moved 
on  paths  that  are  sufficiently  close  to  prevent  aliasing  in  images.  Scanning  an  area 
with  a  single  probe  antenna  is  time  consuming  and  requires  apparatus  that  is  suffi¬ 
ciently  stable;  consequently,  a  single  antenna  is  rapidly  scanned  or  a  linear  array  is 
used. 13 


The  reconstruction  procedure  is  especially  significant  in  microwave  holography 
because  the  wavelengths  of  light  and  microwaves  differ  by  approximately  four  orders 
of  magnitude.  Microwave  holograms  must  be  scale-reduced  for  reconstructions 
with  visible  light.  However,  practical  reductions  are  appreciably  smaller  than  the 
ratio  of  wavelengths  so  that  alternate  reconstruction  methods  are  being  considered 
to  eliminate  scale-reductions.  Reconstructions  have  been  comDuted  in  both  acoustic 
and  microwave  holography. Inverse  scattering  has  been  investigated  theoret¬ 
ically  and  numerically. 17  Reconstructions  have  also  been  made  with  microwaves  to 
simulate  antennas  through  simpler  holograms  and  also  to  study  the  effects  of  approxi¬ 
mations  made  in  sampling  and  representing  the  microwave  field. 

Computational  reconstruction  procedures  seem  attractive  because  they  eliminate 

20 

the  time  delays  and  non-linearities  that  occur  in  using  photographic  film.  The 
non-linearities  occur  in  recording  the  fringes  and  in  scale  reduction;  they  generate 
higher  order  images  that  can  reduce  image  quality.  The  time  delays  occur  in  devel¬ 
oping  and  scale  reducing  the  film. 
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1.2  SUMMARY 


This  paper  describes  a  new  technique  that  accelerates  microwave  holography 
through  the  computation  of  recons  -.ructions  with  an  analog  spectrum  analyzer.  The 
spectrum  analyzer  forms  images  by  processing  detected  fringes  that  are  scanned  by 
a  moving  probe  antenna  in  the  formation  step  of  a  microwave  hologram  formation 
experiment.  Computational  reconstructions  accelerate  holography  by  eliminating  the 
delays  in  developing  and  scale  reducing  films  for  reconstructions  with  visible  light. 

The  Images  are  formed  in  almost  real  time;  the  delays  are  approximately  50  seconds, 
the  interval  needed  to  scan  the  fringes. 

Computational  reconstructions  can  also  improve  image  quality  by  eliminating  two 
sources  of  distortion.  One  source  is  the  non-linearity  of  film  that  records  the  fringes 
and  copies  the  holograms  in  photographic,  scale  reductions.  The  other  source  is  the 
partial  scale  reduction  of  microwave  holograms  to  produce  optical  holograms. 

Because  wavelengths  differ  by  factors  approximately  10^,  only  partial  scaling  is 
practical. 

Computational  methods  have  some  limitations.  They  may  be  restricted  to 
relatively  simple  objects  because  computer  storage  is  limited.  The  approach  des¬ 
cribed  in  this  paper  is  further  limited  because  the  spectrum  analyzer  has  a  single 
channel  and  operates  on  the  voltage  from  a  square-law  detector.  To  see  this  limita¬ 
tion,  consider  sampling  the  field  over  an  area.  An  antenna  array  is  used,  and  the 
fields  from  the  array  elements  are  summed,  prior  to  detection.  The  quadratic 
detector  forms  a  sum  that  contains  products  of  the  fields  from  the  elements.  Conse¬ 
quently,  higher  order  images,  higher  sidebands,  are  generated.  The  magnitude  of 
this  problem  is  evaluated  for  a  receiving  array  with  two  elements. 

Neither  limitation,  storage  nor  higher  order  images,  is  expected  to  be  a  serious 
problem  because  many  diagnostic  applications  involve  a  relatively  small  number  of 
sources.  Moreover  many  practical,  radiating  structures  have  dimension  that  have 
orders  of  magnitude  comparable  to  the  wavelength  of  centimeter  waves  so  that  the 
number  of  resolution  cells  is  small.  Our  experimental  results  verify  that  the  method 
is  satisfactory  for  studying  antennas  with  a  small  number  of  elements,  for  locating 
defective  elements,  and  for  measuring  the  size  of  aperture  antennas. 

This  paper  describes  the  analysis  of  the  reconstruction  procedure,  and  it  des¬ 
cribes  our  initial  experiments  for  simple  objects.  Initially  we  considered  either  one 
or  two  small  antennas  the  object  to  study  resolution.  The  radiation  was  coherent, 
so  phase,  as  well  as  amplitude,  was  controlled.  A  reference  beam  was  used  and 
arranged  to  produce  Fourier  transform  holograms  (lensless  Fourier  transform  or 
point-reference  method).  Fringes  were  sampled  with  a  single  antenna  and  power  was 
detected  with  a  crystal.  The  detected  voltage  was  the  processed  by  an  analog  spectrum 
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Analyzer.  From  the  computed  spectrum  the  region  of  space  in  which  the  amplitude 
exceeds  a  threshold  value  defines  the  spatial  extent  of  the  image  and  hon.ee  object. 
That  vs.  the  spectrum  aralyaci  performs  an  inverse  translurm. 

The  detect  ton  process  ?s  analyzed  expert  mentally  aad  theoretically  in  evaluate 
’.he  magnitudes  of  second-order  image.".,  which  can  dcgr'ide  the  firs* -order  image. 
Proper  experimental  conditions  gave  the  second -o rd  .T  unage  ampl'tude  /20  that  of 
the  first,  this  value  is  negligible. 

The  method  was  ex<  ended  to  include  a  receiving  array  of  two  element*  connected 
to  a  hybrid  junction.  The  baseline  ?•»  orthogonal  u<  ci*e  direction  of  motion.  Conse¬ 
quently.  jierform  an  arithmetic  ojieration  in  wuvegi  de.  then  detect  :n  the  "rydai, 
and  finally  Fourier  transform  in  the  spectrum  analyser.  The  squaring  operation  (to 
express  m'erowavr  power)  generates  a  number  of  product  terms  fiom  the  summation 
generated  by  the  receiving  array.  Higher  order  terms  were  evaluated.  I'  is  experi¬ 
mentally  shown  that  fer  two  receiving  antennas  the  amplitude  of  the  steund-ordr  i- 
levrr.  is  1/10  that  of  the  first  order;  this  value  is  also  negligible. 

The  reason  for  using  a  receiving  array,  of  course,  is  to  obtain  information  about 
tLi-  eb'cct'A  height.  The  width  is  determined  by  Ute  breadth  of  the  s<>eeu-um. 
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2.  ANALOG  COMPUTATION  OF  RECONSTRUCTIONS 


2. 1  EXPERIMENTAL  ARRANGEMENT 

The  microwave  apparatus  is  shown  in  Figure  2-1  and  2-2.  A  klystron  oscillator  K 
supplies  15.30  GHz  microwaves  to  two  identical  dielectric  antennas  and  H2,  shown 
in  Figure  2-2,  and  to  antema  R  that  radiates  a  reference  field.  The  intensities  of 
the  fields  radiated  from  each  antenna  are  adjustable  with  attenuators  Aj.,  A2.  and  Ar. 
The  energy  supplied  to  all  antennas  can  be  adjusted  separately  by  attenuator  A.  The 
relative  phase  of  the  fields  from  Hj  and  H2  can  be  adjusted  with  the  phase  shifter  S. 

C  and  C'  are  directional  couplers.  A  receiving,  probe  antenna  P  is  moved  on  a  con¬ 
tinuous,  horizontal  path  by  a  motor.  Vertical  motion  is  provided  by  a  second  motor. 
The  field  is  detected  by  a  crystal  detector,  D. 


The  arrangement  of  figure  2-1  produces  an  intensity  (power)  distribution  of  fringes 
that  contains  the  Fourier  transform  of  the  source  distribution.  In  optics,  the  arrange¬ 
ment  is  called  the  lensless  Fourier  transform  method,  or  the  point  reference  method. 
The  Fourier  transform  is  obtained  subject  to  restrictions  on  positions  of  the  sources. 
To  see  the  transform  relationship  mathematically  approximate  the  object  source  by  a 
single  poiii  at  the  origin  of  the  rectangular  coordinate  system  in  Figure  2-3,  Let 
the  reference  source  also  be  a  point  at  (0,  yr,  0)  at  the  observation  point  P  x,  y,  z), 
’■*  the  reference  field  be 


u  =  a  e 
r  r 


and  let  the  object  field  be 


u  =  a  e1</>a, 
o  o 


The  field  at  (x,  y,  z)  is  then 


u  =  u  +  u 
r  o 


i«A,  i  <p0 

a  e  r  +  a  e  ° . 
r  o 


Let  us  assume  and  suppress  time  dependence  e"ia,t.  Let  us  assume  that  ar  and  a0 
are  constants;  this  assumption  omit6  the  inverse  radial  dependence  of  amplitude. 
Further,  let  us  assume  that  ar  and  a0  are  real. 
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Moreover  let  us  assume  that 


and 


<p  =  kr 
o  o 


(5) 


O  =  kr 
r  r 


where  k  is  2  ir/X  ,  with  X  the  wavelength, 
o  o 

From  Equation  4  the  intensity  is  proportional  to 

..2  2  2  i  (a  —  a  )  -1  (cp  —tp  ) 

u  =  a  +  a  +  a  a  e  ^r  +  a  a  e  '  o  Yr 

<  I  A  «.  n  A  m  « 


r  o 


r  o 


Next  consider  <p  -  .  Now 

r  o 


,  2  2 
rQ=(x  +  y 


2  1/2 
z  ) 


(6) 


(7) 


(8) 


and 


r 

r 


+  cy-yf) 


2 


2.1/2 

+  z  1 


If  we  expand  r  and  r  with  the  binomial  formula,  then  to  second  order 
o  r 


<P 


o 


=  (kyr  x 


(9) 


(10) 


From  Equation  (10)  we  see  that  <p  -  $  is  linear  in  the  observation  point  coordinate 

or  r 

y.  That  is,  in  Equation  7,  we  have 


|u|  =  b ( 1  +  c  cos  (ay +Qf) J 


(11) 


2  2  2  2  2 
where  a  is  -ky„  /2x,  a  is  ky  /x,  b  is  (art  +  a  ),  and  c  is  2a„a_/(a  +  a  ).  From 
r  r  u  r 

Equation  11  we  see  the  intensity  contains  a  cosine  term,  with  argument  linear  in  y. 
If  we  recall  the  Fourier  transform  of  a  delta  function  is  a  plane  wave,  then  we  can 
consider  |u;x  in  Equation  (11)  as  a  Fourier  transform,  using  spatial  frequency  vari¬ 
ables  . 


The  detection  and  display  is  sketched  in  Figure  2-4.  As  the  probe  samples  the  intens¬ 
ity  in  the  probing  plane,  a  spectrum  analyzer  performs  a  second  Fourier  transform 
to  produce  reconstructed  amplitudes . 
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2.2 


ANALYSIS  OF  RECONSTRUCTION 


Let  us  assume  that  the  microwave  intensity  in  the  hologram  plane  has  the  form  given 
in  Equation  11,  Now  the  input  to  the  spectrum  analyzer  is  a  voltage  V.  In  order  to 
describe  the  non-linearities  introduced  by  the  crystal  and  amplifier  let  us  write 

V  =  (|u|2)V  (12) 

The  exponent  7  depends  on  the  intensity  incident  on  the  detecting  crystal;  ideally,  7 
has  unit  value  for  small  signals.  Its  value  will  be  considered  in  another  subsection. 
From  Equations  12  and  11 

V  =  c'  [1  +  c  cos  (ay  +  a)] Y  .  (13) 

2  2  7 

where  c'  is  (a  +  a  )  ,  and  c,  a,  and  a  were  defined  just  after  Equation  11.  Expand¬ 
ing  V  in  a  binomial  expansion,  and  using  trigonometric  identities,  we  have  on  retaining 
second-order  terms  that 

V  =  c'{V  +  V  cos  (ay  +  o)  +  V  cos  [2(ay  +  a))  }  (14) 

U  i  L 


where 

Vx  =  7c {[(7-1)  (7-2)  C2/8)+  1}  (15) 

and 


V  =  c27  (7-l)/8. 

The  reconstructed  image  is  obtained  by  Fcurter  transforming  V.  We  obtain 


(16) 


(17) 


where  T  is  the  duration  of  the  scanning  interval  and  u>  is  2 iru,  where  v  is  the  temporal 
frequency. 

Carrying  out  the  integration,  with  y  =  W  (l-(2t/T)]  and  2W  the  hologram  width,  we 
obtain  for  the  spectrum,  which  is  a  section  of  the  image,  that 

U'=U0  +  U1  +  U2’  (18) 
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where 


UQ  =  c  1 1  +  a  (a  -  1)  (c/2)2},  (19) 

U,  =  c  V,  (T/2)  exp  [-  lky2/x  -  i(wT/2)]  sine  [aW  +  (cjT/2)]  + _ (20) 

11  r 

U  =  c  V  (T/2)  exp  [-iky2/x  -  i(wT/2)]  sine  [2a W  +  (wT/2)]  +  . . . ,  (21) 

u  b  IT 

The  dots  indicate  terms  with  negative  frequencies,  and  sine  x  =  x  *  sin  x. 

We  can  now  estimate  the  amplitude  of  the  second-order  image  as  a  fraction  of  the 
amplitude  of  the  first-order  image.  Now  the  functions  of  the  form  x  sine  x  have  maxima 
at  unequal  frequencies,  but  their  maxima  are  equal.  Therefore  the  amplitude  of  the 
second-order  image  relative  to  that  of  the  first  order  is 

,U2/U1I  ~~\  (V_1)  (W  11  +  (ao/ar)2l_1  (22) 

Equation  22  shows  that  second-order  images  are  reduced  as  V  tends  to  unit  value  and 
as  (aQ/ar)  is  reduced.  Figure  2-5  shows  lug/u^J  for  typical  values  of  V  and  a0/ar. 

The  anticipated  amplitude  of  [Ug/UjJ  is  less  than  0.05;  consequently,  the  second  order 
image  should  be  negligible. 

Typical  values  of  Twere  determined  by  measuring  the  voltage  from  the  spectrum 
analyzer  with  an  oscilloscope  for  a  range  of  values  of  the  power  radiated  by  antenna 
Hi  in  Figure  2-1,  while  H2  and  R  were  fully  attenuated.  Results  are  shown  in  Figure 
2-6.  Values  of  V  near  1  are  certainly  possible.  However,  when  all  three  antennas 
radiated,  the  amplitude  of  each  was  reduced  to  retain  approximate  linearity. 

2.3  EXPERIMENTAL  RESULTS:  ONE- DIMENSIONAL  IMAGES 


Figure  2-7A  shows  a  reconstruction  made  with  H2  attenuated  so  that  only  HjandR 
radiated.  The  spectrum  is  shown  in  a  linear  scale  on  the  left  and  again  on  the  right 
but  plotted  with  voltage  proportional  to  the  logarithm  of  the  linear  voltage.  The  fre¬ 
quency  at  the  peak  is  0. 16  ±  0.01  Hertz.  From  the  definition  that  a  is  kyr/x  and  from 
Equation  20, 


V  =  u/2  7T 


9  <221 

T  X 


yr 

x 


(23) 


Now  \  is  1. 980  cm,  2W  is  45  cm,  T  Is  50  sec. ,  x  is  152  cm.  and  yr  is  -51.3  cm. 
There/ore  yls  0.16,  in  good  agreement  with  measurement. 
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Figure  2-7B  shows  a  reconstruction  for  H2  radiating  with  Hi  attenuated.  Notice  that 
the  peak  of  the  spectrum  occurs  at  a  lower  frequency  when  H2  radiates.  This  result 
is  reasonable  because, H2  is  closer  to  the  reference  antenna  than  is  Hi. 

Figure  2-8  shows  reconstructions  for  both  antennas  radiating  when  they  are  in 
phase  and  out  of  phase. 

Reconstructions  were  computed  with  only  Hj  radiating  for  several  attenuation  settings 
of  Aj  in  Figure  2-1  with  a  constant  power  level  radiated  by  the  reference  antenna  R. 
The  effect  can  be  described  as  varying  a0/ar  in  Equation  4.  In  optics,  this  procedure 
is  called  varying  the  beam-balance  ratio.  The  reconstructions  resembled  those  in 
Figure  2-7A  except  that  the  magnitude  of  the  second  order  image,  relative  to  that  of 
the  first  order,  depended  on  a0/ar.  Figure  2-5  shows  measured  values  of  [u2/ujJ. 

The  form  of  the  curve  verifies  the  analysis.  We  estimate  |7|=  0.  85. 

The  spectra  are  plotted  with  amplitude  as  ordinate  and  frequency  as  abscissa.  They 
are  one-dimensional  spectra,  not  the  two-dimensional  images  we  would  expect  for  the 
small,  localized  antennas  shown  in  Figure  2-2.  Clearly  we  cannot  expect  information 
about  the  height  of  the  transmitting  antennas  when  the  receiving  antenna  has  negligible 
vertical  extent.  In  order  to  obtain  data  about  height  we  use  two  antennas,  as  described 
in  the  following  subsection. 

2.4  EXPERIMENTAL  RESULTS:  TWO-DIMENSIONAL  IMAGES 

Figure  2-9  shows  a  pair  of  receiving  antennas  separated  by  a  vertical  distance  and 
translated  horizontally  to  scan  the  microwave  fringe  pattern.  The  two  antennas  are 
connected  by  a  hybrid  Junction.  The  hybrid  Junction  performs  an  arithmetic  operation, 
summation  of  the  complex- valued  fields  received  by  each  antenna.  Note  that  the 
summation  precedes  detection.  Consequently  the  approximately  square-law  detection 
generates  products  of  the  summed  fields.  These  products  can  increase  the  level  of 
higher  order  images.  However,  experimental  data  for  a  single  radiating,  object 
antenna  (H2)  show  the  level  of  the  second  or  Her  to  be  0.1  that  of'the  first  order. 

Recall  that  for  one  receiving  antenna  the  relative  magnitude  was  between  0.02  and 
0.04.  When  these  values  are  squared,  the  intensity  is  rather  low.  If  further  reduc¬ 
tion  is  needed,  for  complicated  objects,  then  7  could  be  reduced  to  obtain  some 
further  reduction.  It  is  reasonable  to  expect  the  second-order  images  to  be  a  limiting 
factor  for  some  objects . 

To  obtain  an  image  that  has  height  information,  we  introduce  phase  shifts  into  the 
paths  between  the  receiving  antennas  and  the  hybrid  Junctions.  In  computing  Fourier 
transforms  from  hologram  data  we  have 

. ,  lk(y  sin  8  sin  of  +  z  cos  6  ) .  . 
u'  -  // uH  e  ,jr  dydz 
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for  the  reconstructed  field,  where  6  and  <p  are  spherioal  polar  co-ordinate  angles. 

(See  Figure  2-3;  z  is  orthogonal  to  the  page.) 

In  the  spectrum  analysis  procedure,  data  are  obtained  continuously  in  y  but  for  two 
narrow  bands  about  ±zAt  where  ±z^  are  the  positions  of  the  receiving  antennas.  In 
order  to  compute  images  in  the  direction  9 ,  we  can  introduce  (equal  and  opposite) 
phase  shifts,  but  of  course  must  change  the  magnitude  of  the  shift  for  each  value  of  9 . 

Now  6  s  approximately  904.  Let  us  use  instead  of  9 ,  the  elevation  angle  0  =  90“  -  9  . 
Consequently,  0  is  small  and  in  the  phase  term  k  (y  cos  0  am  ^  +  z  sin  p),  we  have 
approximately  k  (y  sin  +  z  sin  p ) .  Thus  we  Ignore  the  eifect  of  elevation  on  the  y 
transformation  that  is  done  by  the  spectrum  analyzer.  However,  we  introduce  phase 
shifts  in  the  amount  ±kzA  sin  0  . 

The  phase  shift  corresponding  to  the  elevation  angle  0  was  inserted  by  changing  the 
vertical  position  of  the  center  of  the  array.  The  proper  magnitude  can  be  intuitively 
derived.  For  an  antenna  spaced  tty  distance  s/2  from  the  xy  plane  and  then  elevated 
by  distance"!  the  phase  change  is  k  (s>/2)  z/x.  This  value  follows  because  (s/2x)  is  approx¬ 
imately  the  angle  from  the  receiving  antenna  to  the  object.  The  result  follows  more  formally 
by  analyzing  the  computed  reconstruction.  It  can  be  shown  that  the  spectrum  Is,  for  the  first 
order, 

-1  2  — , 

=  4TTD  (2a)  cos  (ksz/2x)  sine  fi 

where  D  isf  A  +  B  cos  (c^  -  a2)  +  2  008  (#i  ~  0o)]7  •  and  where  A,  B,  dj,  a 2,  $1 
and  #2  depend  on  the  amplitudes  and  phases  of  the  object  wave  and  reference  wave, 
n  is  kyr  2W/Tx.  Clearly  the  factor  cos2  (ksl  /2x)  is  the  power  pattern  of  the  vertical 
pair  of  antennas . 

Figure  2-10  shows  spectra  for  four  heights  of  the  receiving  array.  Notice  that  the 
amplitude  falls  off  as  z,  the  height  of  the  center  of  the  array  is  increased.  Figure 
2-11  shows  the  angular  regions  through  which  the  amplitude  of  the  spectra  in  Figure 
2-10  exceeded  0.7  times  the  highest  spectrum  amplitude. 

The  factor  cos2  (kAzVax)  may  appear  surprising.  Should  the  spectrum  amplitude 
vary  as  the  first  power  of  the  consine?  To  answer  this  question  measurements  of 
spectral  amplitude  were  made  as  a  function  of  the  vertical  displacement  of  the  array. 

Figure  2-12  shows  the  data  for  7.5  cm  separation  of  the  antennas;  i.e. ,  s/2  ■  3.75  cm. 

The  measured  points  follow  the  cosine  squared  curved  better  than  the  cosine.  The 
measurements  were  repeated  for  s/2  =  7.5  cm;  agreement  with  the  cosine  squared 
curve  was  even  better.  That  the  discrepancies  depend  on  s/2  suggests  that  our 
expression  Is  approximate.  In  addition  to  the  approximations  used  in  the  quadratic 
expansions  for  distances  and  by  non-linearities,  the  phase  change  introduced  by  height 
is  approximate  antenna  interraction.  Phase  shifters  could,  of  course,  be  used. 
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Figure  2-2.  Photographs  of  Microwave  Apparatus  for  Fourier 
Transform. 


16-12 


V 


MJOM 

Figure  2-3.  Geometry  of  Coordinate  System 


p 


//////// C 


o 


Figure  2-4.  Detection  and  Transform  Apparatus.  P  is  a  receiving 
antenna;  D  a  crystal  detector.  A  is  a  Hewlett  Packard 
415E  Amplifier  and  SA  Is  a  Spectral  Dynamics  Corp. , 
Real  Time  Spectrum  Analyzer.  OS  is  an  oscilloscope 
and  C  a  camera. 
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Figure  2-5.  Relative  Magnitudes  of  2ud  and  1st  Order  ImageB  for  a 
Point  Object,  a  Point  Reference  source,  and  a  Single 
Detector. 


MICROWAVE  POWER  (OB) 


Figure  2-6.  Values  of  Y  Determined  Experimentally.  Power  radiated 
by  was  reduced  in  3-dB  steps  with  H2  full  attenuated. 
Each  value  of  V  is  plotted  at  the  mean  power  level,  between 
the  two  values  used  to  determine  V. 
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Figure  2-7.  Reconstruction  Computed  by  Spectrum  Analyzer.  Only 
one  antenna  radiated  for  each  reconstruction.  Both 
and  Hg  (Figure  2-1)  were  present  with  their  centers 
separated  by  6.3  cm. 
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Figure  2-9.  Receiving  Array  Vertically  Spaced  and  Translated 
Horizontally. 
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Figui'e  2-10.  Reconstruction  with  two  Receiving  Antennas  Separated 
by  7.5  cm.  Four  vertical  positions  of  the  receiving 
arrry  shown;  object  was  single  raaiating  antenna. 
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Figure  2-11.  Reconstructed  Image  of  one  Antenna.  The  dashed 
lines  shown  regions  in  which  the  spectra  of  Figure 
2-10  exceeded  a  value  0.7  times  their  highest  value. 


Figure  2-12.  Measured  and  Computed  Voltage  at  Spectrum  Maxima 
for  Several  Elevation  Positions  of  the  Two-Antenna 
Receiving  Array. 
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The  strength  of  these  analyses  lies  in  their  representation  in 
terms  of  the  propagation  of  rays,  as  each  individual  contribution  to 
the  E-M  field  can  be  easily  identified.  In  a  practical  sense  this 
is  useful  because  the  negligible  contributions  can  be  easily  neglected. 
This  results  in  a  simplified  picture  of  the  physical  processes  and 
reduces  the  computational  effort  required  to  obtain  a  solution. 

Another  useful  property  of  these  analyses  is  that  they  provide 
for  the  incorporation  of  existing  solutions.  For  example,  if  the 
basic  properties  of  an  antenna  in  terms  of  a  classical  modal  so¬ 
lution^  are  known,  this  solution  can  be  cast  in  the  ray-optics  form 
and  used  in  a  diffraction  analysis.  Thus  the  solution  to  a  complicated 
problem  can  be  "built-up"  from  known  solutions  to  the  individual  parts 
of  the  complicated  problem  using  the  ray  optics  representation.  In 
this  way  the  various  interactions  between  the  component  parts  can  be 
analyzed  separately  and  then  put  into  a  complete  solution  in  the  final 
step.  Also  the  effects  of  any  given  scatterer  upon  the  radiation  pattern 
can  be  identified.  Such  identification  could  lead  to  the  development 
of  corrective  measures. 

Using  the  techniques  described  above,  the  radiation  patterns  in 
the  three  principal  planes  have  been  determined  for  various  aircraft 
models.  Basically  the  type  of  aircraft  model  analyzed  is  illustrated 
in  Fig.  6,  with  the  source  mounted  on  the  fuselage  in  the  plane  of 
symmetry  which  includes  the  vertical  stablizer.  Due  to  the  nature  of 
ray  optics  solutions,  one  is  limited  to  models  that  are  large  in  terms 
of  the  wavelength.  On  the  other  hand,  these  ray  optics  solutions 
allow  arbitrary  locations  of  the  various  aircraft  parts  provided  these 
parts  do  not  become  too  close  together.  In  addition,  our  solutions 
are  based  on  delta  function  sources  for  each  of  the  three  mutually 
orthogonal  polarization  vectors.  Thus,  a  complex  antenna  system 
mounted  on  a  complicated  aircraft  structure  can  be  analyzed  using  our 
computer  modeling  solutions.  This  gives  our  solutions  a  very  wide 
range  of  coverage  in  terms  of  aircraft  models,  aircraft  structure 
locations  and  bulk,  frequencies,  and  antennas. 


THEORETICAL  APPROACH 

The  wedge  diffraction  technique  is  based  on  the  canonical  problem 
of  the  diffraction  by  a  conducting  wedge! 7, 18  as  depicted  in  Fig.  7. 
This  technique  was  developed  as  an  extension  of  the  Geometrical 
Theory  of  Diffraction;^  cylindrical  wave  diffraction  and  super¬ 
position  approaches  were  specifically  introduced  to  permit  successful 
application  of  the  geometrical  diffraction  approach  to  antenna 
problems. 3  The  applicability  of  this  technique  is  illustrated  in 
Fig.  8  which  shows  the  radiation  pattern  of  a  slot  antenna  as  in¬ 
fluenced  by  a  finite  ground  plane  structure.  An  application  in¬ 
volving  a  simulated  aircraft  wing  cross  section  is  shown  in  Fig.  9. 

The  creeping  wave  technique  is  based  on  the  canonical  problem 
of  the  diffraction  by  a  cylindrical  surface, 19-21  a-  shown  in  Fig.  10. 
An  example  of  the  accuracy  of  this  technique  is  illustrated  in  Fig.  11. 


A  problem  where  both  wedge  diffraction  and  curved  surface  diffraction 
are  utilized  is  shown  in  Fig.  12.  This  figure  compares  calculated 
and  measured  patterns  for  a  horn  antenna  mounted  on  the  leading  edge 
of  an  F-14  wing  section. 22 

Our  solutions  are  based  on  the  aircraft  model  illustrated  in 
Fig.  6,  in  which  the  aircraft  is  modeled  by  cylinders,  cones,  spheres, 
and  flat  plates.  The  location  of  the  source  has  been  limited  to  the 
surface  of  the  fuselage  in  the  plane  of  symmetry  which  contains  the 
vertical  stabilizer.  With  these  constraints  to  our  solutions,  it 
was  found  that  the  existing  modal  solutions^  for  the  three  mutually 
orthogonal  delta  sources  mounted  on  an  infinite  cylinder  was  the  most 
practical  solution  in  the  roll  and  azimuth  planes.  For  the  elevation- 
plane,  it  was  found  that  the  shape  of  the  fuselage  had  a  great  effect 
on  the  radiation  patterns  and,  thus,  had  to  be  handled  differently. 

In  fact  a  new  approach  has  been  developed  in  which  the  fuselage  cross- 
section  is  described  by  a  set  of  points  to  give  a  very  good  model 
representation. 

The  various  components  of  the  aircraft  structure  act  as  near 
field  scatterers.  These  near  field  scattering  problems  require  new 
techniques  in  that  previous  scattering  solutions  were  mainly  based  on 
far-field  constraints.  In  any  event,  the  overall  aircraft  solution 
is  handled  nicely  under  our  ray  optics  format  in  that  each  of  the 
scattering  mechanisms  can  be  isolated  and  analyzed  individually.  For 
example,  the  isolated  finite  cylinder  (engine)  scattering  is  solved 
using  the  modal  solution,  wedge  diffraction  theory,  and  physical 
optics.  This  solution  in  turn  is  then  applied  to  our  aircraft  model 
simply  by  adjusting  the  incident  field  appropriately.  Similarly, 
scattering  from  the  wing  is  first  introduced  in  terms  of  an  isolated 
finite  plate  using  three  dimensional  wedge  diffraction  techniques  and 
then  adapted  to  our  aircraft  model.  Consequently,  the  solutions  for 
the  radiation  patterns  in  the  three  principal  planes  with  an  arbitrary 
source  mounted  on  a  complex  aircraft  model  are  solved  by  breaking  up  the 
model  into  its  component  parts  which  are  examined  and  analyzed  separately. 
These  isolated  scattering  mechanisms  arc,  then,  adapted  to  our  complete 
aircraft  model,  which  makes  the  solutions  extremely  versatile  in  terms 
of  the  location  and  the  bulk,  or  size,  of  these  structural  components. 

In  addition,  since  the  several  components  of  the  total  pattern  are 
developed,  one  can  examine  various  alternatives  to  enhance  the  desired 
radiation  pattern.  This  can  be  accomplished  analytically  in  terms  of 
the  source  frequency,  antenna  type,  antenna  location,  and  the  aircraft 
structure.  It  should  also  be  possible  to  analyze  the  pattern  effects 
of  appropriately  placed  and  designed  absorbers. 


RESULTS 


The  overall  problem  has  been  divided  into  three  parts,  these  being 
each  of  the  three  principal  planes.  In  each  case  models  have  been 
analyzed  which  give  a  realistic  and  workable  solution  to  the  problem. 


In  most  :ases  the  "Geometrical  Theory  of  Diffraction"  was  applied  because 
it  is  the  most  practical  approach.  However,  modal  solutions  as  well  as 
physical  optics  techniques  have  been  used  in  some  instances  to  expedite 
the  analysis. 

Solution  for  the  pattern  in  the  roll  plane  (or  x-y  plane  in 
Fig.  6)  was  initiated  using  a  simple  two-dimensional  model  as  illustrated 
in  Fig.  13a.  This  model  was  chosen  so  that  available  techniques  could 
be  directly  applied  before  attempting  to  solve  the  much  more  difficult 
three  dimensional  problem.  The  modal  solutions23  were  used  for  the 
three  mutually  orthogonal  delta  sources  mounted  on  a  cylinder  (fuselage). 
This  gave  us  a  so-called  pseudo  -  Green's  function  solution  in  that  an 
arbitrary  antenna  system  could  be  handled  by  numerically  integrating  our 
solution  over  the  antenna  aperture.  Image  theory  was  applied  to  our 
model  to  account  for  the  wing,  and  wedge  diffraction  handled  the  wing 
tip.  As  illustrated  in  Fig.  14,  our  solution  compares  very  favorably 
with  measured  results  taken  on  our  two-dimensional  aircraft  model. 

The  effect  of  the  engines  was  added  to  our  model  by  two  cylinders 
as  shown  in  Fig.  13b.  To  include  this  effect  in  our  analysis,  the 
two-dimensional  near-field  modal  solution  was  adapted  to  our  previous 
solution.  It  is  again  seen  in  Fig.  15  that  very  good  agreement  was 
obtained  between  our  measured  and  calculated  results.  One  should 
also  note  that  the  experimental  results  are  approaching  the  limit  of 
validity  of  our  solution  and  yet  the  agreement  is  quite  good.  Note 
that  our  solution  is  valid  provided  the  dimensions  are  large  in  terms 
of  the  wavelength. 

In  order  to  include  the  three-dimensional  wing  effect  in  our 
solution,  the  near-field  scattering  from  an  arbitrary  finite  rectangular 
plate  was  studied.  Using  this  solution  tiie  plate  (or  isolated  wing)  is 
specified  by  its  four  corners  and  the  source  by  its  far-field  pattern 
and  location.  The  total  scattered  field  is  then  given  for  any  direction 
in  space.  This  solution  was  then  adapted  to  our  aircraft  model  by 
introducing  the  additional  source  variation  due  to  the  creeping  waves 
on  the  surface  of  the  fuselage.  A  calculated  roll  plane  pattern  using 
this  complete  roll-plane  model  is  illustrated  in  Fig.  16. 

In  addition  to  frequency  domain  pattern  plots,  pulse  waveforms 
have  been  examined  for  the  three  basic  elements  mounted  on  our  roll 
plane  model  of  Fig.  13.  This  provides  one  with  an  excellent  means  of 
observing  the  effects  of  the  various  scattering  mechanisms  over  a 
very  wide  range  of  frquencies  as  illustrated  in  Fig.  17.  Using  this 
solution,  one  can  investigate  the  time  response  for  an  arbitrary 
pulse  provided  that  the  lower  frequency  limit  is  not  greatly  exceeded. 

The  major  effect  on  the  radiation  pattern  in  the  azimuth  plane 
(the  y-z  plane  in  Fig.  6)  is  due  to  the  fuselage,  which  is  simply 
modeled  by  a  cylinder.  Again,  the  modal  solutions  for  the  radiation 
patterns  of  the  three  basic  sources  mounted  on  an  infinite  cylinder 
is  known.  Applying  these  solutions,  the  resulting  azimuth  patterns 
are  illustrated  in  Fig.  18.  Secondary  contributors  to  this  pattern 


are  the  engines,  which,  for  our  initial  study,  are  modeled  by  finite 
cylinders.  An  approximate  solution  for  the  far-zone  scattering  from 
a  finite  cylinder  is  not  difficult  using  GTD  and  physical  optics. 

The  accuracy  of  this  solution  is  depicted  in  Fig.  19. 

In  order  to  analytically  apply  the  finite  cylinder  to  our  model, 
the  near  zone  scattering  had  to  be  determined.  The  main  difficulty 
with  this  problem  was  analytically  handling  the  scattering  from  the 
long  cylindrical  portion,  neglecting  the  edges  and  end  caps.  After 
examining  various  alternatives,  the  two-dimensional  near-field 
solution  was  cast  into  our  ray  optics  form  and  applied  to  our  soulution. 
An  example  of  this  solution  after  it  was  adapted  to  our  aircraft  model 
is  illustrated  in  Fig.  18,  where  it  is  found  to  compare  favorably  with 
measurements. 

The  elevation  plane  (x-z  plane  in  Fig.  6)  was  initially  studied 
using  a  basic  model  composed  of  cylinders,  spheres,  and  cones.  The 
solutions  for  these  problems  were,  again,  based  on  the  two-dimensional 
analysis  which,  as  shown  by  Ryan, '5  is  valid  for  the  three-dimensional 
elevation  plane  solutions.  Some  of  the  results  of  this  study  are  il¬ 
lustrated  in  Fig.  20.  Even  though  this  solution  is  valid  for  our 
simple  model,  this  model  really  is  not  general  enough  to  include 
the  wide  variety  of  aircraft  fuselages  encountered  in  practice. 
Conseguently,  a  new  approach  was  developed  in  which  the  fuselage  is 
described  by  a  set  of  points.  In  this  way  any  convex  fuselage  shape 
can  be  included  in  our  computations.  In  addition,  more  general 
fuselage  models  were  developed  using  a  more  rigorous  "GTD"  solution, 
the  most  general  being  a  composite  (back-to-back)  ellipse.  Some  of 
the  results  of  this  study  are  illustrated  in  Fig.  21.  In  any  event, 
combining  these  various  techniques,  one  should  be  able  to  cover  a 
very  wide  variety  of  fuselage  configurations. 

In  summary,  for  each  of  the  three  principle  plane  radiation 
patterns  studied,  a  model  was  chosen  which  could  not  only  be  analyzed 
but  was  representati ve  of  a  wide  variety  of  modern  aircraft  structures. 
These  solutions  also  allow,  within  limits,  for  arbitrary  locations  and 
size  of  the  various  structural  components  (wing  size  and  location, 
engine  size  and  location,  etc.).  In  addition,  the  three  mutually 
orthogonal  delta  sources  were  considered  which  allows  for  an  arbitrary 
antenna  system  to  be  analyzed  provided  it  is  mounted  on  the  fuselage 
in  (or  near)  the  plane  of  symmetry  which  includes  the  vertical 
stabilizer.  Finally,  wherever  possible,  our  solutions  were  verified 
by  measured  results. 
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Fig.  1.  Radiation  patterns  of  a  TEjo  Mode  slot  on  a 
circular  conducting  cylinder. 
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Fig.  4.  Elevation  pattern  of  a  circumferential  slot  on 
conically-capped  cylinder. 


N/\a 


FREQUENCY  =  8.897  GHi 


ement  array  mounted 
e  section  model. 


17- 


Fig.  13a.  Two  dimensional  model  for  the  roll  plane  W/O  engines 
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Fig.  13b.  Two  dimensional  model  for  the  roll  plane  W/  engines 
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1.  INTRODUCTION 

Endeavoring  to  significantly  advance  the  state  of  the  radar 
art  in  1967,  ITT  Giifillan  established  the  SPAR  (Solid  State  Phased 
Array  Radar)  program. 

Our  approach  was  to  perform  an  overall  systems  analysis 
to  determine  an  optimum  configuration  and  a  most  desirable  source 
device.  The  results  of  our  study  indicated  that  solid  state  sources 
could  be  classified  into  two  groups  that  we  chose  to  call  peak  power 
limited  and  energy  limited  devices.  We  found  that  the  radar  para¬ 
meters  could  be  met  by  either  class,  but  energy  limited  sources 
were  clearly  the  cost  effective  choice.  At  the  time  of  the  study, 
no  satisfactory  energy  limited  device  existed,  so  we  initiated  a  pro¬ 
gram  for  the  development  of  a  suitable  bulk  effect  device  with  Stand¬ 
ard  Telecommunications  Laboratories,  our  ITT  central  research 
establishment. 

For  the  past  five  years  ITT  Giifillan,  working  with  STL  and 
supported  by  NAVSEC,  NRL  and  RADC  has  brought  the  bulk  effect 
device  from  the  position  of  a  laboratory  curiosity  to  the  threshold  of 
a  technique  which  shows  great  promise  for  application  in  the  next 
generation  soiid  state  radars.  The  work  to  be  discussed  is  our  first 
effort  to  demonstrate  the  radar  capability  of  energy  limited  source 
technology. 

c .  EXPERIMENTAL  RADAR  SYSTEM 

Tlie  radar  system  chosen  to  demonstrate  the  application  of 
energy  limited  devices  to  the  distributed  transmitter  problem  con¬ 
sists  of  sixteen  solid  state  modules  incorporated  into  a  linear  array 
configuration,  together  with  a  control  system,  receiver  and  displays. 
The  array  is  shown  in  Figure  1  and  a  block  diagram  of  the  full  system 
is  shown  in  Figure  L .  Because  the  intent  was  to  demonstrate  use  of 
Gunn  oscillators,  much  of  the  system  was  built  from  available  hard¬ 
ware.  Components  specifically  designed  and  built  for  this  program, 
in  addition  to  the  modules,  were  the  master  timing  control,  auto¬ 
matic  beam  steering  network,  frequency  agility  network  and  corpor¬ 
ate  feed.  Peak  transmitter  power  was  160  watts  excluding  phase 
snifter  and  line  losses. 

Figures  3  and  4  are  B-scope  displays  of  the  Los  Angeles  sky¬ 
line.  Scan  range  in  azimuth  is  ±45°  (horizontal  coordinate  on  the 
scope.),  and  the  range  to  targets  is  up  to  5  km  (vertical  on  scope). 
Range  markers  occur  at  1  km.  intervals  showing  on  the  scope  as  hor¬ 
izontal  bars.  In  the  display  of  Figure  3,  beam  normal  is  northeast; 
i.  e.  ,  the  beam  scan  is  from  north  to  east,  and  in  Figure  4,  beam 
normal  is  due  north.  Targets  were  identified  by  noting  azimuth  and 
range  from  the  display  and  looking  up  the  location  on  a  U.  S.  Geodetic 
Survey  map.  Major  identifiable  targets  are  labeled.  Since  there  is 
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a  45°  overlap  in  azimuth  between  the  two  pictures,  the  left  half  of 
Figure  3  should  be  the.  same  as  the  right  half  of  Figure  4.  The  dif¬ 
ferences  are  attributed  mainly  to  sidelobe  returns,  particularly  in 
the  vicinity  of  3  km  range  in  Figure  3. 

Performance  of  the  unit  using  an  A-scope  display  is  illus¬ 
trated  in  Figure  3.  Range  marks  show  as  periodic  signals  at  6.  7 
/isec  (1  km)  intervals.  The  large  signal  in  the  first  6  /isec  is  due 
to  clutter;  returns  at  12  /i sec  are  high  rise  buildings.  (When  these 
data  were  taken,  there  was  a  4  fx sec  error  in  the  range  gate  that  was 
later  corrected.  )  A  target  is  clearly  visible  at  6b  microseconds 
(10.  2  km). 

Although  only  five  range  markers  were  used  (up  to  5  km),  the 
A-scope  display  had  an  indefinite  maximum  range  that  could  be 
changed  by  varying  the  sweep  time  of  the  scope.  The  B-scope  was 
limited  by  blanking  to  5  km  maximum  range  and  basically  was  less 
sensitive.  The  two  displays  therefore  complemented  each  other,  the 
A-scope  giving  better  sensitivity  and  longer  range,  and  the  B-scope 
giving  the  azimuth  angle  information. 

During  the  test  program,  numerous  radar  pictures  of  the 
area  were  obtained,  and  the  location  of  the  Van  Nuys.  Airport  2  km 
due  west  of  ITT  Gilfillan's  plant  afforded  an  ideal  opportunity  to 
watch  moving  targets. 

A  sequence  of  pictures  of  a  small  aircraft  during  takeoff  is 
shown  in  Figure  6.  The  beam  scanner  was  programmed  so  that  the 
beam  stays  in  one  position  for  sixteen  consecutive  pulses  before  mov¬ 
ing  to  the  next  position.  With  the  runway  oriented  north  and  south, 
the  range  is  virtually  constant  over  the  visible  angular  sector.  The 
radar  return  from  the  aircraft  moves  south  (left)  between  the  returns 
from  hangars  on  either  side  of  the  runway.  Moving  aircraft  were 
detected  at  ranges  up  to  4  km.  One  fixed  target  was  detected  at 
11.7  km,  the  maximum  range  from  which  any  returns  were  seen. 
Based  on  the  classical  radar  equation,  the  expected  range  of  the  sys¬ 
tem  on  a  20  square  meter  target  was  computed  to  be  2200  meters, 
without  allowing  for  improvement  due  to  integration  of  pulses.  Theory 
shows  that  for  sixteen  successive  pulses  on  target,  received  signal 
could  be  enhanced  as  much  as  10  dB,  thus  increasing  range  to  over 
4,  000  meters.  In  fact,  many  targets  were  detected  at  well  over 
4,000  meters  range,  but  their  radar  cross-sections  were  not  known. 

A  calibrated  range  to  target  measurement  was  not  carried  out. 

As  shown  in  the  block  diagram  of  Figure  2,  each  solid  state 
module  contains  the  Gunn  oscillator,  a  pulse  modulator,  TR  switch¬ 
ing,  phase  shifters  for  beam  steering  and  polarization  control,  and 
logic  and  driver  circuits.  The  TR  switching  allowed  the  corporate 
feed  to  be  used  for  both  transmit  and  receive  functions. 
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LIGHT  AIRCRAFT  DURING  TAKEOFF 
AS  OBSERVED  WITH  THE  SPAR  SYSTEM 


6000  -  26A 

Figure  6.  S  equence  of  Photographs  Showing  Moving  Target 
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The  injection  locking  signal  was  applied  to  the  oscillator 
before  the  bias  pulse.  This  was  governed  by  the  master  timing 
control  circuit,  and  the  locking  pulse  was  set  to  straddle  the  Gunn 
bias  pulse.  Locking  power  for  the  Gunn  oscillators  comes  from  a 
CW  rf  reference  oscillator,  whose  output  is  modulated,  amplified, 
and  distributed  to  each  module.  Conventional  laboratory  equipment 
was  used  for  these  components. 

Phase  distribution  across  the  aperture  is  a  major  factor  in 
determining  cittern  shape.  A  specific  allowable  phase  error  was  not 
established,  but  a  general  target  was  one-half  of  the  least  significant 
bit,  or  ±11-1/4°.  At  a  specific  fixed  frequency,  the  phase  could  be 
adjusted  to  virtually  zero  error,  but  phase  was  quite  sensitive  to 
temperature  and  tended  to  drift  slightly.  Phase  distribution  across 
the  array  aperture  was  measured  using  a  conventional  phase  bridge 
with  a  pickup  horn  to  probe  the  aperture. 

Phase  errors  across  the  aperture  can  be  corrected  by  three 
methods: 

a.  Increasing  locking  power  --  this  was  carried  out  and 

gave  a  decrease  in  locking  gain  from  18  dB  to  13  dB. 

b.  T uning  the  osci llcitor  frequency  by  changing  the  varatwr 

voltage  or  by  mechanical  tuning. 

c.  Phase  trimming  external  to  the  oscillator. 

Since  oscillator  temperature  was  critical,  a  monitoring  sys¬ 
tem  of  thermocouples  was  set  up  so  that  oscillator  temperatures 
could  be  read  individually.  The  cooling  system  was  simply  a  box 
enclosure  that  fit  over  the  i.rray  with  a  fan  that  pulled  air  in  at  the 
center  with  exit  at  the  ends.  To  stabilize:  phase,  it  was  necessary 
to  allow  the  array  to  warm  up  to  stabilize  temperature.  More  re¬ 
cent  oscillators  have  been  built  with  greatly  reduced  sensitivity'  to 
temperature  variations. 

Scanning  performance  of  the  array  vas  close  to  theoretical 
prediction.  The  beam  scan  program  was  ±48°  in  azimuth,  with  grat¬ 
ing  lobe  effects  becoming  pronounced  at  scan  angles  beyond  40°,  as 
predicted  by  theory.  A  shaped  ground  plane  was  used  to  increase 
directivity  in  the  elevation  plane,  giving  array  gain  of  22  dB. 

3.  GUNN  OSCILLATORS 

Operating  parameters  of  a  typical  Gunn  oscillator  in  this  sys¬ 
tem  are  as  follows: 

Power  Output  10  watts  peak 

Pulsc.width  l  microsecond 

Duty  Cycle  0.  001 

Mechanica  1  Tuning  2  50  MHz 
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Electronic  Tuning  250  MH?. 

Center  Frequency  3.  55  GHz 

Efficiency  3% 

Locking  Gain  13  dB 

Locking  Figure  of  Merit  0,  08 


Best  performance  achieved  in  this  circuit  was  32  watts  power  -m* . 
electronically  tuned  over  a  5%  frequency  band,  and  5  watt-  tune  a 
a  34%  bandwidth.  Performance  of  these  oscillators  is  uniform  enough 
so  that  the  array  was  highly  successful;  however,  considerably 
effort  is  required  to  improve  consistency.  (Significant  adv  u>.  .  s  > 
GaAs  and  Gunn  device  technology  have  been  made  since  tit  sc  <  so;- 
lators  were  fabricated  and  power  outputs  have  increased  mo  i  v  ri  .an 
an  order  of  magnitude. ) 

The  oscillator  and  its  schematic  circuits  are  shown  in  Fig¬ 
ures  7  and  8.  The  circuit  is  fabricated  in  microstrip  trat.s  m  i  r>.  i.»u 
line  on  alumina  substrate.  The  Gunn  device  is  placed  in  shunt  .,ci..>5s 
a  section  of  20-ohm  line,  approximately  one-tenth  wavelength  t>. 
the  short  circuit  point  created  by  the  resonator  band  stop  , i  i t •  «  .  A 
tuning  varactor  is  located  in  series  with  the  line  between  t:  «  G-  j.>;  c,.  - 
vice  and  the  short  circuit. 

Characteristics  of  particular  importance  for  a  phat<.<!  an.-*,- 
application  are  locking  performance  and  frequency  trackin.,  t.\  >.  :  i.i-.. 
band. 

Locking  performance  was  found  to  agree  closely  wi'h  tin- 
theory  of  Adler.-'  Locking  gain  and  bandwidth  arc  related  >  .•  th> 
equation: 

2  A  ft  =  k  f 
L  o 

where 

2  A  f  is  the  lock-in  bandwidth 

f  is  the  frequency  of  the  locking  signal 
is  the  locking  signal  power 

PQ  is  the  output  power  of  the  oscillator  to  be  locked 

k  is  a  constant,  which  may  be  denoted  a  locking 
"figure  of  m  erit" 

Figures  of  merit  measured  on  this  system  for  all  16  oscillat  -i  s.  -  u-~ 
ied  between  0.  015  and  0.  15. 

*1* 

R.  Adler,  "A  Study  of  Locking  Phenomena  in  Oscillators",  Pi  -A 
the  IRE,  Vol.  34,  pp  351  -357,  June  1946. 
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Finurc  7.  Gunn  Oscillator 


Figure  8.  Oscillator  Schematics 


The  oscillator  is  tuned  electronically  by  varying  the  varactor 
bias  voltage.  Obviously,  it  is  critical  for  the  frequency  response  vs 
tuning  voltage  to  be  similar  for  all  oscillators.  Tuning  character¬ 
istics  were  satisfactorily  similar;  the  oscillators  tracked  each  other 
to  within  ±15  MHz  over  most  of  the  tuning  band,  compared  to  a  lock¬ 
ing  band  of  ±25  MHz.  Difficulty  in  achieving  close  frequency  track¬ 
ing  arose  from  the  differences  in  tuning  varactors,  typically  10%, 
and  in  the  Gunn  devices  themselves.  For  this  reason,  the  common 
tuning  band  for  all  oscillators  was  less  than  the  typical  band  for  one 
oscillator,  i.  e.  ,  140  MHz  for  all  oscillators,  vs  typically  250  MHz 
for  one.  A  mechanical  tuning  adjustment  was  designed  to  compen¬ 
sate  insofar  as  possible  for  differences  between  oscillators,  and  the 
mechanical  tuning  range  was  250  MHz.  The  tuning  band  finally  se¬ 
lected  for  array  work  was  3.  48  -  3.  62  GHz. 

4.  HIGH  POWER  TRANSMITTER 


Having  illustrated  usefulness  of  the  locked  oscillator  as  a 
source  for  the  distributed  transmitter  array,  the  question  of  feasibil¬ 
ity  quickly  becomes  one  of  transmitter  performance.  In  support  of 
the  locked  bulk  effect  array,  we  have  carried  on  a  program  under 
Navy  sponsorship  for  the  development  of  high  performance  bulk 
oscillators.  The  results  of  these  efforts  to  date  have  been  encour¬ 
aging.  Emphasis  of  our  program  has  been  placed  on  maximizing 
average  power  performance  while  maintaining  a  ratio  of  peak-to~ 
average  power  greater  than  100:1. 


Significant  results  have  b 

Peak  Power 
Average  Power 
Pulse  Energy 
Efficiency 

T uning  Range 


en: 

260  w'atts  @  3500  MHz 
1  watt 

1 000  ^joules 
10%  S-band 
25%  L-band 

20% 


Development  of  the  devices  is  continuing  with  a  kilowatt  of  peak  power 
and  10  watts  of  average  power  at  S-band  expected  within  a  year. 

A  brief  reference  should  be  made  to  the  theoretical  efficiency 
of  the  bulk  effect  transmitter  source.  Figure  9  is  a  curve  of  effi¬ 
ciency  plotted  as  a  function  of  inverse  peak -to -valley  ratio  for  the 
semiconductor.  0  is  the  overdrive  voltage  or  the  ratio  of  bias  to 
threshold  voltage  for  the  device  in  question.  Parameters  for  our 
current  besf  result  are  plotted  on  the  curve.  Because  :  leasuremcnt 
of  actual  peak-to-valley  ratio  is  extremely  difficult,  the  results  in¬ 
dicated  must  be  considered  as  a  lower  bound  for  the  device  measured 
rather  than  an  indication  that  optimum  circuitry  has  been  obtained. 
The  significant  conclusions  to  be  drawn  from  this  chart  are: 
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Even  small  improvements  in  semiconductor  quality  will 
make  a  significant  impact  on  bulk,  oscillator  efficiency. 
Since  all  other  performance  factors  are  already  quite 
acceptable,  the  future  of  this  device  as  a  source  for  dis¬ 
tributed  transmitter  arrays  appears  to  be  very  bright. 

Sr — SONCtUSION - - -  ' 


This  program  successfully  achieved  its  original  objectives. 

It  has  been  demonstrated  that  Gunn  oscillators  can  be  injection  locked 
to  perform  in  a  scanning  radar  system.  An  experimental  radar  sys¬ 
tem  was  built  that  detected  small  aircraft  up  to  a  4  km  range  and  sta¬ 
tionary  targets  up  to  a  12  km  range.  System  characteristics  were 
electronically  programmed  and  controlled,  and  expected  performance 
was  met  or  exceeded. 


Much  improvement  is  still  required  before  it  will  be  feasible 
to  build  a  large  scale  tactical  system.  Increases  in  power  output 
and  efficiency  have  been  mentioned.  Improvements  are  also  needed 
ir.  phase  and  frequency  control,  and  the  reduction  of  temperature 
sensitivity.  The  degree  of  recent  progress  in  Gunn  oscillator  per¬ 
formance  is  shown  in  Table  1.  Large  scale  cost  reductions  are  re¬ 
quired  to  establish  economic  feasibility. 

Obviously  there  were,  and  are,  major  problem  areas  in  a 
system  of  this  complexity.  Some  of  these  are  of  a  mundane  nature; 
for  example,  because  of  the  many  interconnections  throughout  the 
system,  reliability  of  connectors  proved  to  be  a  problem.  Noise  in 
the  logic  circuits  was  another  problem  area.  Both  of  these  will  re¬ 
quire  careful  design  in  a  large  phased  array  system. 

This  program  has  provided  a  great  deal  of  information  and 
has  opened  many  new  areas  of  study.  It  represents  a  major  step  for¬ 
ward  in  development  of  solid  state  radar  systems. 


TABLE  1. 

PROGRESS  JN  GUNN  OSCILLATORS 

SPAR  Osc.  Recent  lab  results 


Peak  power  10  w 

Average  power  50  Mw 


Pulse  energy 


0.  06  MJ 


Efficiency 

Phase  change  during 
a  1  nsec  pulse 
Temp,  coefficient 
of  freq.  change 


3% 

20% 

-2  MHz/°C 


260  w 
1 . 02  w 

(102  w  peak  at 
1%  duty) 

1. 02  MJ 
(114  w  -  9  ft  sec) 
10% 


-.  2  MHz/°C 
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